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FOREWORD 


ny IMPORTANT milestone in the history of SPE took place in March, 1961, with the publication of 

the first issue of Socrery or PerRroLeum ENGINEERS JouRNAL. In introducing this quarterly 
journal, the Society is now providing a second prestige publication for the recording of the most 
important literature in the fields of drilling and production of oil and gas. “SPEJ” presents note- 
worthy advancements in petroleum research, including the more complex mathematical and theoretical 
papers which are of special interest to a vital portion of our membership. 


The new Journal started with a 66-page issue, but the influx of good technical material required 
the size to be increased to 68 pages in June, 104 pages in September and 92 pages in December. The 
number of papers attracted to the new SPEJ far exceeded our expectations—and this is indicative of 
the excellent response we have received to the new publication. 


The introduction of Soctery or PerroLeuM ENGINEERS JouRNAL is partially responsible for the 
1961 volume being the largest Transactions volume ever published by SPE. The nearly 700 pages 
printed here need only to be compared to the 332 pages published in the 1953 volume to see how 
our literature has grown over the years. 


The introduction of the new Journal has prompted several changes which will be immediately 
obvious in the use of this TRANSACTIONS volume. Even the name on the cover is different, in that the 
volume is called the “Transactions of the Society of Petroleum Engineers of AIME”. 


The volume is now divided into two parts: Part I is Transactions material reprinted from JouRNAL 
or PeTroLteuM TecuNoxocy; Part II contains all papers printed during the year in SocieTy oF 
PETROLEUM ENGINEERS JouRNAL. The folio (which is the line at the bottom of each page listing the 
name of the publication and the page number) no longer says “Trans., AIME”, but the standard refer- 
ence to papers printed here will be their original publication—either “Jour. Pet. Tech.” or “Soc. Pet. 
Eng. Jour”. 

Even the appearance of the paper changes as you progress from Part I to Part II of this volume. 
This is because our editors have found it more economical to print one portion by the “letterpress 
method” and the second part by the “offset method”. 


Still other differences are apparent. Page numbers are skipped in Part [—rather than the con- 
tinuous page numbering system which has been offered in past years. The special committee which 
planned our Soctery OF PETROLEUM ENGINEERS JOURNAL felt that the TRANSACTIONS volume is a 
summation of our monthly and quarterly publications, and that it is more important for a simple 
numbering system to be used in those periodicals than it is in this one. Consequently, the double 
numbering system has been eliminated in “JPT”’ this year. To lessen the confusion in the 1961 
volume, footnotes have been provided immediately after each skip to indicate the pages which have 
been intentionally omitted. 

Another “first” in this volume is a listing on page 308 of Part II of “Available Papers Not Published 
by the Society of Petroleum Engineers”. Space does not permit the SPE to print all papers that are pre- 
sented before our meetings, and this list is designed to make known the names of papers that are avail- 
able from the authors. The list is not all inclusive, for some authors stated a preference that we not 
include their papers in this record. 


Turning to other SPE matters, we have had a healthy year financially as our income and expense 
have balanced at approximately one-half million dollars. This money is used to run our book pub- 
lishing business, our magazine publishing business, our selling of advertising and our handling of some 
rather large conventions. Through new innovations carried out this year we have further improved the 
management of our Society’s business activities and funds. 

The most serious problem of the year has been the continued loss of members. After years of 
dynamic growth we have slowed to the point where our new members gained during 1961 barely 
offset our losses for the year. We are taking steps to encourage our members to continue their affilia- 
tion and we hope that this trend can be reversed in 1962. 

A highlight of the year was the Fall Meeting program of some 100 papers, by far the largest 
in our history. Included in this program was a special joint symposium of SPE and the American 
Institute of Chemical Engineers. Special attention was given at this meeting to natural gas engineering, 
a growing and most important part of our technology. 

As evidenced by the improvements in this TRANSACTIONS volume, and the introduction of So- 
ciety oF PeTroLEUM ENGINEERS JouRNAL, the SPE is dedicated to progress. Each year brings 
innovations which are intended to increase the value of the Society to its members. We firmly believe 
that the Society will continue to grow and prosper as long as we are willing to change and adjust to 


meet the needs of our members. 


EARL M. KIPP, President 
Society of Petroleum Engineers of AIME, 1961 
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Robert H. McLemore. SPE President Earl M. Kipp 


Lincoln F. Francis and 
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petroleum engineering, his advancement of the 
professional status of the engineer in oil-producing 
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concepts of science, economics and_ professional 


integrity.” 
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O. BENNETT 
Lucas Medalist, 1961 


“For fostering the development of gas pressure 
maintenance in oil reservoirs; supervising the 
first field stabilization of high gravity crude oul: 
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completion of wells. For his pioneering in the 
design of high pressure gas cycling plants re- 
sulting in increased recovery of condensate from 


reservoirs.” 
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xi 


2. 


HAROLD F. WINHAM 


“In recognition of his outstanding contribution in 
the field of student relations through 20 years of 
devoted service as student counselor and chairman 
of the Student Relations Committee for the Delta 
Section of AIME.” 


SOCIETY OF PETROLEUM ENGINEERS CERTIFICATE OF SERVICE 


Established in 1948, the Society of Petroleum Engineers Certificate of Service is awarded to rec- 
ognize and show appreciation for exceptional services of Members of the Society. Members of the 
1961 Certificate of Service Award Committee were: Claude R. Hocott, Chairman, Fred L. Oliver and 


Burton Atkinson. 


CERTIFICATES AWARDED 


EUGENE A. STEPHENSON, 1948 Joun E. SHERBORNE, 1959 
Frep B. PLumMer, 1948 (PostHuMOUSLY) Lioyp E. 1959 
Earu Oxiver, 1948 ALFreD H. BELL, 1960 
F. Jutius Fous, 1949 LAWRENCE W. CHASTEEN, 1960 
JosepH B. Ump.Lesy, 1949 James Terry Duce, 1960 
Stuart E. Buck ey, 1952 HERBERT BEARDMORE, 1960 


Francis A. CoLuins, 1956 Raymonp M. Larsen, 1960 


a | 
X11 


LOCAL SECTION OFFICERS FOR 1961 


APPALACHIAN PETROLEUM 
SECTION 


BALCONES SECTION 


BIG HORN BASIN SUBSECTION 
CWYO.) 


BILLINGS PETROLEUM SECTION 


CALGARY CIM-AIME SECTION 


CALIFORNIA COASTAL SECTION 


CARACAS SECTION 


COASTAL BEND SECTION 


COLORADO-NEBRASKA 


SUBSECTION 
(DENVER) 


DALLAS SECTION 


DELTA SECTION 


DENVER PETROLEUM SECTION 


EAST KENTUCKY SUBSECTION 


EAST TEXAS SECTION 


EASTERN VENEZUELA SECTION 


EDMONTON CIM-AIME SECTION 


EVANGELINE SECTION 


FORT WORTH SECTION 


FOUR CORNERS SECTION 


ROBERT H. Epete, Chairman, United Carbon Co., Charleston, W. Va.; Roserr Vurecu, Vice- 
Chairman, Dowell, Charleston; Rogerr Tutiis, Vice-Chairman, United Fuel Gas Co., Charles- 
ton; FreperitcK T. SoLomon, Secretary-Treasurer, United Fuel Gas Co., Charleston. 


Frank W. Jessen, Chairman, U. of Texas, Austin, Tex.; Gitpert M. Anpreen, Vice-Chairman, 
Texstar Petroleum Co., ‘San Antonio, Tex.; Liuoyp N. Jounson, Vice-Chairman, Texas Petro- 
leum Research Committee, Austin; W. C. Verceitino, Secretary-Treasurer, Lane-Wells Co., San 
Antonio. 


B. E. Yester, Chairman, The Ohio Oil Co., Cody, Wyo.; Roserr J. WoopuaLt, Vice-Chairman, 
Pan American Petroleum Corp., Powell, Wyo.; Herserr A. Kocu, Vice-Chairman, Petroleum 
Service Co., Inc., Worland, Wyo.; Dan CosteLio, Secretary, Continental Oil Co., Powell, 
Wyo.; Tuomas W. DrLone, Treasurer, The Ohio Oil Co., Cody, Wyo. 


Grorce O. Chairman, Schlumberger, Billings, Mont.; Rozert L. Sporrswoop, Vice- 
Chairman, Shell Oil Co., Billings; Roperr M. Warxins, Vice-Chairman, Oil & Gas Conserva- 
tion Committee, Billings; JosepH H. Baro, Secretary-Treasurer, McAlester Fuel Co., Billings. 


Joun J. Justen, Chairman, Mobil Oil of Canada, Calgary, Alta.; An McLarcure, Vice-Chair- 
man, Imperial Oil, Ltd., Calgary; CHartes C. Fry, Vice-Chairman, Hudson’s Bay Oil & Gas 
Co., Ltd., Calgary; Grorce Wetsu, Secretary-Treasurer, Dowell of Canada, Ltd., Calgary. 


KENNETH Nucent, Chairman, McCullough Tool Co., Ventura, Calif.; Kurr F. Pitcram, Vice- 
Chairman, Shell Oil Co., Ventura; T. W. Stmmons, Secretary, Texaco, Inc., Ventura; Gay 
Rieper, Treasurer, Welex, Inc., Ventura. 


Harotp L. Stecetz, Chairman, Creole Petroleum Corp., Caracas, Venezuela; Harry D. Brown, 
Vice-Chairman, Schlumberger Surenco, Caracas; Rosert E. Finken, Vice-Chairman, Phillips 
Petroleum Co., Caracas; G. V. ArKinson, Secretary, Mobil Oil Co. de Venezuela, Caracas; 
A. Gatensy, Treasurer, Texas Petroleum Co., Caracas. 


James K. Evans, Chairman, Kaffie Lumber & Bulk Barites, Inc., Bay City, Tex.; F. L. Newson, 
Vice-Chairman, Pan American Petroleum Corp., Bay City; Jimmy Powers, Vice-Chairman, 
Dowell, Bay City; Hersert H. Hitr, Secretary-Treasurer, Texaco, Inc., E] Campo, Tex. 


H. N. Ruopes, Chairman, Nebraska Oil & Gas Conservation Commission, Sidney, Nebr.; Bri 
Garper, Vice-Chairman, Nebraska Oil & Gas Conservation Commission, Sidney; ALLEN R. 
Livineston, Vice-Chairman, Ohio Oil Co., Sidney; Lioyp J. Harsert, Secretary-Treasurer, 
Continental Oil Co., Fort Morgan, Colo. 


R. E. Vickrey, Chairman, Sun Oil Co., Dallas; Tom G. Catuoun, II, Vice-Chairman, DeGolyer 
& MacNaughton, Dallas; T. L. Kennerty, Vice-Chairman, Core Labs., Inc., Dallas; Sm H. 
Davis, Secretary, Atlantic Refining Co., Dallas; H. Eptson Exiis, Treasurer, Republic National 
Bank, Dallas. 


Georce J. Decker, Chairman, Schlumberger, New Orleans, La.; WaLter W. Pormpoeur, Vice- 
Chairman, Continental Oil Co., Harvey, La.; CHartes A. Lanener, Vice-Chairman, Humble 
Oil & Refining Co.. New Orleans; RicHarp J. GorKen, Secretary, Gulf Oil Corp., New Orleans: 
Joun P. Everett, Treasurer, Hibernia National Bank, New Orleans. 


H. Porerrmann, Chairman, Ohio Oil Co., Littleton, Colo.; Wit11am R. Situ, Vice- 
Chairman, Colorado State Oil & Gas Conservation Commission, Denver, Colo.; James C, Roe, 
Vice-Chairman, Lufkin Foundry & Machine Co., Denver; James A. MutLiinax, Secretary- 
Treasurer, Schlumberger, Denver. 


Puitire JenKins, Chairman, Kentucky West Virginia Gas Co., Paintsville, Ky.; Grorcr 
Tuomas, Vice-Chairman, United Fuel Gas Co., Paintsville; J. R. Price, Vice-Chairman, Dowell, 
Paintsville; Jerry V. Grorcr, Secretary-Treasurer, Texas-Canadian Oil Corp., Paintsville. 


C. M. Browninc, Chairman, Lane-Wells, Tyler, Tex.; C. R. Orson, Vice-Chairman, Ohio Oil 
Co., Price, Tex.; B. J. INcram, Secretary-Treasurer, Humble Oil & Refining Co., Hawkins, Tex. 


N. Howarp Jorcensen, Chairman, Mobil Oil Co. de Venezuela, Caracas; Rosert T. Misn, 
Vice-Chairman, Mene Grande Oil Co., Barcelona; JoHn Byorpammen, Vice-Chairman, Texas 
Petroleum Co., Caracas; Jose Pernia, Vice-Chairman, Ministerio de Minas e Hidrocarburos, 
San Tome; Jack C. THompson, Secretary, Dowell, El] Tigre; Jutio Perez-M, Treasurer, Mobil 
Oil Co. de Venezuela, Caracas. 


A. E. Prreer, Chairman, Pan American Petroleum Corp., Edmonton, Alta.; Bos Porrrous, 
Secretary, Halliburton Co., Edmonton; Harry Wepper, Treasurer; Oil & Gas Conservation 
Board, Edmonton. 


C. E. Lown, Chairman, Halliburton Co., Lafayette, La.; Earn F. Tuomas, Vice-Chairman, 
Sun Oil Co., Lafayette; Jonn T. Doucras, Vice-Chairman, Schlumberger, Lafayette; J. C. 
Lanpry, Vice-Chairman, Tuboscope Co., Lafayette; Don R. Arrreperry, Secretary-Treasurer, 
Midwest Oil Corp., Lafayette. 


Frep S. Reynoups, Chairman, Ralph H. Cummins Co., Fort Worth; Rosert H. Vicx, Vice- 
Chairman, Ambassador Oil Corp., Fort Worth; Cuartes J. Horrman, Vice-Chairman, Champlin 
Oil & Refining, Fort Worth; Roserr D. Cocanower, Vice-Chairman, Western Co., Fort Worth; 
Rozpert D. Lane, Vice-Chairman, Pan American Petroleum Corp., Fort Worth; Sraniry G. 
Britton, Secretary, LaGorce Oil Co., Fort Worth. 


Urban E. Jonnson, Chairman, Texaco, Inc., Farmington, N. M.; Hat M. Srierwatr, Vice- 
Chairman, Sunray Mid-Continent Oil Co., Farmington; Aiton R. Kenpricx, Vice-Chairman, 
N. M. Oil Conservation Commission, Aztec, N. M.; Harotp L. Kenpricx, Secretary-Treasurer, 
El Paso Natural Gas Co., Farmington. 


xiii 


GOLDEN GATE SUBSECTION 


GREAT BEND SECTION 


GULF COAST SECTION 


HOBBS PETROLEUM SECTION 


HUGOTON SECTION 


ILLINOIS BASIN SECTION 


KANSAS SECTION 


LOS ANGELES BASIN SECTION 


LOU-ARK SECTION 


MID-CONTINENT SECTION 


MISSISSIPPI SECTION 


THE NETHERLANDS SECTION 


NEW YORK PETROLEUM 
SECTION 


NORTH TEXAS SECTION 


NORTHERN OKLAHOMA 
SECTION 


OKLAHOMA CITY SECTION 


PANHANDLE SECTION 


PERMIAN BASIN SECTION 


PITTSBURGH PETROLEUM 


SUBSECTION 


ROSWELL PETROLEUM SECTION 


Grorce C. Wisuart, Chairman, Honolulu Oil Corp., San Francisco, Calif.; Frank G. MILLER, 
Vice-Chairman, Stanford U. Stanford, Calif.; RatpuH V. Hiccins, Secretary-Treasurer, USBM, 


San Francisco. 


Epcar B. Krier, Chairman, National Cooperative Refining Association, Great Bend, Kans.; 
Joun E. McLetanp, Vice-Chairman, Petroleum, Inc., Great Bend; Rosert L. WALLER, Vice- 
Chairman, Pan American Petroleum Corp., Ellinwood, Kans.; CHARLES H. Peterson, Secretary- 
Treasurer, Sunray Mid-Continent Oil Co., Great Bend. 


W. M. McCarvett, Chairman, Humble, Houston, Tex.; Jack Vice-Chairman, 
Pan American Petroleum Corp., Houston; GEORGE ALLMAN, Jr., Secretary- Treasurer, National 
Bank of Commerce of Houston, Houston. 


Cc. M. Bumpass, Chairman, Gulf Oil, Hobbs, N. M.; E. H. Furrey, Vice-Chairman, Cities 
Service, Hobbs; J. W. MEEK, Vice- Chairman, Pan American Petroleum Corp., Hobbs; B. D. 
Foro, Secretary-Treasurer, Tidewater, Hobbs. 


Jerry L. Jenkins, Chairman, United Producing Co., Inc., Liberal, Kans.; E. N. BENNETT, 
Vice-Chairman, Pan American Petroleum Corp., Liberal; Lestie E. Goopwin, Vice-Chairman, 
Panhandle Eastern Pipeline Co., Liberal; Barry C. Rist, Jr., Secretary- Treasurer, Panhandle 
Eastern Pipeline Co., Liberal. 


Ray M. Dost, Chairman, Kingwood Oil Co., Mt. Vernon, Ill.; Joz A. McCiure, Vice-Chairman, 
Dowell, Mt. Vernon; BERNARD Poporsxky, Vice- Chairman, petroleum engineer, Fairfield, IIL; 
JOHN W. STEPHENSON, Secretary-Treasurer, Tidewater, Robinson, Ill. 


Tom G. Busy, Chairman, Lane-Wells Co., Wichita, Kans.;; R. S. Atiison, Vice-Chairman, 
Kewanee Oil, Wichita; FRANK Beacu, Vice- ‘Chairman. Cities Service Oil Co., El Dorado, Kans.; 
Cart W. Witson, Secretary, Sunray ‘Mid-Continent Oil Co., Wichita; Ep BLINCOE, Treasurer, 
Texaco, Inc., Wichita. 


Joun I. Gares, Chairman, Shell Oil Co., Los Angeles, Calif.; Ricuarp G. Crippen, Vice- 
Chairman, Texaco, Inc., Los Angeles; Epwarp H. Mayer, Secretary, Humble, Long Beach, 
Calif. ; James T. Carriex, |Treasurer, Signal Oil & Gas Co., Los Angeles. 


James A. Larnam, Chairman, Arkansas Fuel Oil Corp., Shreveport, La.; Ricuarp M. Pircuer, 
Vice-Chairman, Carter Oil Co., Shreveport; James E. CARLTON, nes Vice- Chairman, Magcobar, 
Shreveport; Lovie P. MILLER, Secretary-Treasurer, Tennessee Gas & Oil Co., Shreveport. 


H. A. Nevom, Chairman, Amerada Petroleum Corp., Tulsa, Okla.; Wayne E. SWEARINGEN. 
Vice-Chairman, Swearingen Engineering Co., Tulsa; Greorce C. Howarp, Vice-Chairman, Pan 
American Petroleum Corp., Tulsa; Puiture L. Esstey, Jr., Secretary, Skelly Oil Co., Tulsa: 
Brook D. TarseL, Treasurer, Helmerich & Payne, Tulsa. 


C. L. Kine, Chairman, Tri-State Tool, Laurel, Miss.; W. F. Enis, Vice-Chairman, Union 
Producing Co., Jackson, Miss.; B. D. Metrzer, Vice-Chairman, California Co., Jackson; J. E. 
Vick, Secretary-Treasurer, Halliburton Co., Laurel, Miss. 


P. BreseENnHAM, Chairman, Aramco Overseas Co., The Hague; Dirtarp R. THoMmas, 
Vice-Chairman, Reed Roller Bit, Leiden; C. R. Morcan, Vice-Chairman, Black, Sivalls & 
Bryson, The Hague; Bernarp P. PLANNER, Secretary-Treasurer, The Hague. 


Bryant C. Frinart, Chairman, Cities Service, New York City; Greratp E. SHerrop, Vice- 
Chairman, First National City Bank, New York City; SHannon L. Marueny, Jr., Vice- 
Chairman, Ideco, Inc., New York City; G. M. MrrcHeti, Secretary, Stone & Webster Service 
Corp., New York City; James W. Gianvitie, Treasurer, Lehman Bros., New York City. 


Ricuarp R. Newron, Chairman, Ryder-Scott Management Co., Wichita Falls, Tex.; Roserr C. 
Tuomas, Vice-Chairman, Tennessee Gas & Oil Co., Wichita Falls; Joz M. Foster, Secretary, 
Continental Oil Co., Wichita Falls; Biopcerr, Treasurer, Pump Engineering, Wichita 
Falls. 


Henry F. Correr, Chairman, Continental Oil Co., Ponca City, Okla.; Martin Fr.sentrHat, 
Vice-Chairman, Continental Oil Co., Ponca City; Birt Epmiston, Vice-Chairman, Lane-Wells 
Co., Ponca City; Trp Copp, Secretary-Treasurer, Continental Oil Co., Ponca City. 


Rogert W. Basue, Chairman, Schlumberger, Oklahoma City; Homer G. Ritey, Vice-Chair- 
man, Pan American Petroleum Corp., Oklahoma City; Marvin Cuarzes Respess, Vice-Chair- 
man, The Western Co., Oklahoma City; Stoney D. Farrar, Secretary, Lone Star Producing 
(Cox, ‘Oklahoma City; CARL Houser, Treasurer, Continental Oil Co., Oklahoma City. 


Guy H. Tomutnson, Jr., Chairman, Colorado Interstate Gas Co., Amarillo, Tex.; Raymonp D. 
Davipson, Vice-Chairman, Dowell, Amarillo; Epwarn M. McGuire, Vice-Chairman, Cities 
Service Petroleum, Pampa, Tex.; JAMES (Ge HAmItron, Secretary-Treasurer, J. M. Huber Corp., 
Borger, Tex. 


Witi1am S. Davis, Chairman, Humble, Midland, Tex.; T. W. Kipp, Vice-Chairmun, Gulf Oil 
Corp., Midland; Donatp K. LAWRENCE, Vice- Chairman, Sun Oil Co., Odessa, Tex.; James F. 
Ormonp, Vice-Chairman, Cardinal Chemical, Midland; Pau CRENSHAW, Secretary- Treasurer, 
Dowell, Midland. 


Davin M. Etiincron, Chairman, Manufacturers Light and Heat Co., Pittsburgh, Pa.; Joun L. 
Scuweizer, Vice-Chairman, Gulf Oil Corp., Pittsburgh; James K. Grece, Vice- Chairman, Sand 
, Apollo, Pa.; Tom L. Irpy, Secretary- Treasurer, Gulf Research & Development Gos 
ittsburge 


Joun A. Queen, Chairman, Continental Oil Co., Roswell, N. M.; VANcE Henpricks, Vice- 


Chairman, Gulf Oil Corp., Roswell; Vincent D, Foster, Vice-Chairman, Carper Drilling Co., 
Inc., Artesia, INE IMIS TR. A. Lowry, Secretary-Treasurer, Shell Oil Co., Roswell. 


xiv 


SAN JOAQUIN VALLEY SECTION 


SAUDI ARABIA SECTION 


SNYDER SECTION 


SOUTH PLAINS SECTION 


SOUTHWEST TEXAS SECTION 


SPINDLETOP SECTION 


SUMATRA PEROLEUM SECTION 


UINTAH BASIN SUBSECTION 
WEST CENTRAL TEXAS 
SECTION 


WESTERN VENEZUELA SECTION 


WILLISTON BASIN SECTION 


WYOMING PETROLEUM 
SECTION 


R. J. Fernanpes, Chairman, Gulf Oil Corp of California, Bakersfield, Calif.; C. A. CHAMPION, 
Vice-Chairman, Richfield Oil Corp., Bakersfield; K. J. Srracker, Secretary, Union Oil Corp., 
Bakersfield; W. G. Frattine, Treasurer, Standard Oil Co., Taft, Calif. 


Kart D. Romine, Chairman, Arabian American Oil Co., Dhahran, Saudi Arabia; J. P. Cauii- 
GEROS, Vice-Chairman, Aramco, Dhahran; S. F. Kiersznowsxi, Vice-Chairman, Aramco, 
Dhahran; H. P. Watrer, Secretary-Treasurer, Aramco, Dhahran. 


Bryan P. Drxon, Chairman, Standard Oil Co. of Texas, Snyder, Tex.; Jack D. ParcHeE Lt, 
Vice-Chairman, Halliburton Co., Snyder; CHotty G. Howarp, Vice-Chairman, McCullough 
Tool Co., Snyder; JosepH L. Brack, Jr., Secretary, R. E. Smith Operator, Snyder; Eppir L. 
Eptey, Treasurer, Mobil Oil Co., Snyder. 


James E. THomas, Chairman, Pan American Petroleum Corp., Lubbock, Tex.; Jack C. 
BENDLER, Vice-Chairman, Honolulu Oil Corp., Brownfield, Tex.; Donatp R. Dopson, Vice- 
Chairman, Mobil Oil Co., Lubbock; Rospert L. Hansen, Secretary-Treasurer, Pan American 
Petroleum Corp., Brownfield, Tex. 


CarroLtL Hupson, Chairman, The Atlantic Refining Co., Corpus Christi, Tex.; Roperr C. 
Miner, Vice-Chairman, Spartan Well Service, Corpus Christi; E. G. Wacenrcut, Vice-Chair- 
man, Pan American Petroleum Corp., Beeville, Tex.; JacK CuLperson, Secretary-Treasurer, 
Republic Natural Gas., Corpus Christi. 


E. J. Noone, Chairman, Gulf Oil Corp., Beaumont, Tex.; Roy Anprerson, Vice-Chairman, 
Humble, Beaumont; Donatp W. Moore, Secretary, Pan American Petroleum Corp., Beaumont; 
Pat Turcotte, Treasurer, Ohio Oil Co., Orange, Tex. 


Kennetu L. Atwoop, Chairman, Standard Vacuum Oil Co., Pendopo, Sumatra; E. J. ZeNKerR, 
Vice-Chairman, ‘Standard Vacuum Oil Co., Pendopo; Davin K. Watson, Vice-Chairman, Stand- 
ard Vacuum Oil Co., Lirik; Harotp P. Dunn, Vice-Chairman, Standard Vacuum Oil Co., 
Pendopo; Rosert L. Hotman, Secretary, Standard Vacuum Oil Co., Pendopo. 


Chairman, McCullough Tool Co., Vernal, Utah; Frank J. Murpuy, Vice- 
Chairman, The California Co., Rangely, Colo.; Witttam T. Hayes, Vice-Chairman, Dowell, 
Vernal, Utah; Jerry D. Wess. Secretary-Treasurer, The California Co., Rangely, Colo. 


Lee D. Wesster, Chairman, Katz Oil Co., Abilene, Tex.; Horitis W. Dears, Vice-Chairman, 
Texas Pacific Coal & Oil Co., Abilene; W. R. Sirtic, Vice-Chairman, Shell Oil Co., Abilene; 
Brit R. Brocpon, Secretary, Halliburton Co., Abilene. 


N. Scuwarz, Chairman, Cia. Shell de Venezuela, Maracaibo, Venezuela; U. R. Ceconr, Vice- 
Chairman, Creole Petroleum Corp., Maracaibo; W. K. Warers, Vice-Chairman, Servicios 
Tecnicos de Pozos Otis, Maracaibo; T. W. Morris, Jr., Secretary, Venezuelan Sun Oil Co., 
Maracaibo; R. D. Denson, Treasurer, The Superior Oil Co. de Venezuela, Maracaibo. 


DanieL E. Boone, Chairman, Amerada Petroleum Corp., Williston, N. D.; Dots D. Datuas, 
Vice-Chairman, Dallea Petroleum Co., Tioga, N. D.; Joun Fincuer, Vice-Chairman, Lufkin 
Foundry & Machine Co., Sidney, Mont.; Ronatp L. Erickson, Secretary-Treasurer, Amerada 
Petroleum Corp., Williston, N. D. 


Frep A. Happennorst, Chairman, Mobil Oil Co., Casper, Wyo.; K. W. Beaver, Vice-Chairman, 
Pan American Petroleum Corp., Casper; Bruce A. Lanpis, Vice-Chairman, Pan American Petro- 
leum Corp., Casper; JAmes Davis, Secretary-Treasurer, Continental Oil Co., Casper. 


XV 


PART I 


PETROLEUM TRANSACTIONS 


Papers Reprinted from 


JOURNAL OF PETROLEUM ‘TECHNOLOGY 


XVi 


Laboratory Drilling Performance of the 


ABSTRACT 


Laboratory drilling tests with 434- 
in. hard-formation rock bits were 
made under rock pressure and bore- 
hole fluid pressures simulating a 
3,000-ft borehole. The effects of bit 
weight and rotary speed on drilling 
rate and bit rotary power were de- 
termined in a hard, impermeable 
dolomite. With added bit weight, the 
drilling rate and rotary power both 
increased at an increasing rate; but, 
with added rotary speed, the rate 
and power both increased at a de- 
creasing rate. The rock volume re- 
moved per unit of energy increased 
as weight was raised or as rotary 
speed was reduced. Empiric quadratic 
equations for drilling rate and rotary 
power were obtained and bit mechan- 
ical efficiency was calculated. 


INTRODUCTION 


During the past three years, Jersey 
Production Research Co. has per- 
formed an extensive series of tests 
using roller cone, drag and diamond 
bits varying in size from 3%4 to 9% 
in, These tests have been made under 
a wide range of drilling conditions 
in several types of rocks at both 
atmospheric pressure and elevated 
pressures simulating depths to 3,000 
ft. This paper reports the effects of 
bit weight and rotary speed on the 
penetration rate of and power con- 
sumed by a 434-in. hard-formation 


Original manuscript received in Society of 
Petroleum Engineers office July 29, 1960. Re- 
vised manuscript received Nov. 8, 1960, Paper 
presented at 35th Annual Fall Meeting of 
SPE, Oct, 2-5, 1960, in Denver. 

Discussion of this and all following tech- 
nical papers is invited. Discussion in writing 
(three copies) may be sent to the office of 
the Journal of Petroleum Technology. Any 
discussion offered after Dec. 31, 1961, should 
be in the form of a new paper. No discussion 
should exceed 10 per cent of the manuscript 
being discussed. 
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rock bit drilling in 
dolomite. 


The laboratory work reported here 
supplements and extends previously 
published data describing the effects 
of bit weight and rotary speed on 
drilling rate from tests made at at- 
mospheric pressure.”’ Similarly, the 
effects of pressure have been prev- 
iously investigated," using 1%4-in. 
“microbits”, and the effects on drill- 
ing rate of pressure and fluid environ- 
ments have been reported. Several in- 
vestigators”’ have also studied certain 
theoretical aspects of the roller-cone 
rock bit performance problem, De- 
spite this work, however, there are 
no published data available on the 
performance of field-sized bits under 
controlled laboratory conditions 
which simulate the down-hole pres- 
sure environment. There also is very 
little information in the referenced 
papers on the amount of power con- 
sumed by the bit. Therefore, the 
purposes of this paper are (1) to 
present laboratory performance data 
on a field-sized bit to aid in the in- 
terpretation of field test results, and 
(2) to make data available on the 
rotary power at the bit. It is hoped 
that this information will stimulate 
industry studies of energy consump- 
tion in rotary drilling and lead to the 
improvement of drill-bit efficiency. 

One of the newer concepts in the 
oil- and gas-well drilling industry to- 
day is the use of optimum variable 
bit weights and rotary speeds to ob- 
tain minimum drilling cost per foot.*” 
The successful application of this 
concept depends on accurate bit per- 
formance data that can be used in 
applying mathematical relations to 
the field drilling situation. In par- 


impermeable 


References given at end of paper. 


JERSEY PRODUCTION RESEARCH CO. 


ticular, accurate data are needed on 
the effects of bit weight and rotary 
speed on the penetration rate of roll- 
er-cone rock bits. 


10,11 


Two recent papers presented 
penetration rate data from a lengthy 
series of tests conducted by the 
AAODC. One conclusion reached 
was that, at best, the field data were 
difficult to interpret because of the 
influence of uncontrollable test vari- 
ables. Similar problems were noted 
in another extensive study which was 
aimed at obtaining the best com- 
bination of constant bit weight, and 
constant rotary speed for minimum 
cost per foot drilling.” 


Accurate field data are quite dif- 
ficult to obtain because of the in- 
fluence on drilling rate of many un- 
controllable variables such as forma- 
tion hardness, formation permeabil- 
ity, changing fluid properties, etc. 
But even this type data is often very 
costly because many runs must be 
made before a statistically significant 
result is obtained. Thus, by providing 
at least one standard of comparison 
from full-scale laboratory test results 
under simulated pressure conditions, 
this paper hopes to assist in answer- 
ing the question “What happens if 
formation hardness, drilling fluid 
properties, formation permeability 
and bit dullness are all held con- 
stant?”. 


EXPERIMENTAL PROCEDURE 


All tests were made with a labora- 
tory drilling machine, which is shown 
in Fig. 1 drilling a dolomite quarry 
block at atmospheric pressure. This 
hydraulically driven drilling rig is 
capable of producing any combina- 
tion of bit weights up to 50,000 lb 
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FIG. 1—LABORATORY DRILLING EQUIPMENT SET UP FOR TESTS 
AT ATMOSPHERIC PRESSURE. 


and rotary speeds to 400 rpm. The 
torque capacity of the machine is 
9,000 ft-lb. Bit sizes from 334 to 9% 
in. have been used at various times. 
The rig is controlled from the con- 
sole (at the right in Fig. 1), and the 
data are automatically recorded in 
a bank of electric strip-chart record- 
ers. 


A pressure chamber, shown sche- 
matically in Fig. 2A, is designed to 
hold octagonal rock samples (Fig. 
2B) and permit application of simu- 
lated borehole and overburden pres- 
sures. Borehole (mud-column) pres- 
sure is simulated by holding a back 
pressure on the circulating fluid in 
the return flowline. The overburden 


CIRC. FLUID IN 
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SIMULATES 


BOREHOLE 


ROTATES THROUGH PACKING- 
AT THIS POINT 
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TORQUE 
INDICATOR 


FIG. 2A—SCHEMATIC VIEW OF 
PRESSURE CHAMBER FOR 
EXPERIMENTAL DRILLING AT 
SIMULATED BOTTOM-HOLE 
CONDITIONS. 
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pressure is applied by means of a 
near-zero fluid-loss “mud”, located in 
the space around the sample as in- 
dicated in Fig. 2A. Bit weight is 
applied hydraulically by the two 
large vertical cylinders and is mea- 
sured by a hydraulic jack located 
below the chamber. Torque applied 
to the rock is sensed by a hydraulic 
cylinder attached to the side of the 
chamber. Tare torque and tare weight 
readings are obtained after circula- 
tion and rotation have been estab- 
lished with the bit turning in the 
space just above the rock sample. 
Tare values are subtracted from the 
values indicated while drilling to ob- 
tain true bit weight and applied 
torque. 


FIG, 2B—DOLOMITE SAMPLE FOR 
CHAMBER, USED IN 43/-IN. 
DRILLING TEST. 


TABLE 1—PRESSURE CONDITIONS USED IN 
EXPERIMENTS 


Simulated Depth Overburden Borehole 
(Ft) Pressure (psi) Pressure (psi) 
0 0 9 
1000 1000 465 
3000 3000 1395 


The term “simulated depth” is 
used to describe a pressure condi- 
tion where the overburden pressure 
is equal to 1.0 psi/ft of depth and 
the borehole pressure has a nominal 
hydrostatic value of 0.465 psi/ft of 
depth. The nominal values listed in 
Table 1 were used in the experi- 
ments. 


The Beekmantown dolomite rock 
samples used for these tests were ob- 
tained from the Virginian Limestone 
Co. of Ripplemead, Va. This fine- 
grained rock consists mainly of dol- 
omite rhombs about 0.01 mm in 
cross section. Many irregularly 
shaped dolomite grains ranging in 
size from about 0.01 to 0.05 mm 
are also present, as well as a small 
quantity of calcite and a trace of 
quartz. Tests of this rock at atmos- 
pheric pressure gave the principal 
physical properties listed in Table 2. 


Bredthauer™ made compressive 
tests on this rock at hydrostatic pres- 
sures of 0, 10,000 and 15,000 psi. 
He found failure of the rock sam- 
ple was of the brittle-tensile type 
for all three pressures, with 2 per 
cent axial elastic strain before rup- 
ture in the 15,000-psi hydrostatic 
pressure tests. 


The main advantages of the Beek- 
mantown dolomite for these labora- 
tory tests were considered to be (1) 
very great strength, (2) brittle-ten- 
sile rupture behavior within the drill- 
ing test pressure range, (3) availa- 
bility, (4) uniformity and (5) lack 
of permeability. Zero permeability 
eliminated the effect on chip hold- 
down of flow across the borehole 
bottom face, and also made it un- 
necessary to introduce the additional 
variable of formation pore pressure. 
Since more than 50 per cent of all 
field drilling is done in low-permea- 
bility or impermeable shales, the im- 
permeable quality of the dolomite 
test rock was considered representa- 
tive of many field situations. 


The octagonal rock samples for the 


TABLE 2—PHYSICAL PROPERTIES OF 
BEEKMANTOWN DOLOMITE ROCK SAMPLE 
USED IN EXPERIMENTS. 


Apparent Specific Gravity?® 2.82 (+ 1%) 
Apparent Porosity?® (= 44%) 
----46,000 psi (= 13%) 


Compressive Strength!® 


Tensile Strength?#® 14,000 psi 23%) 
Young's Modulus® 11,140,000 psi (= 2%) 
Permeability (Air) 0 
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pressure chamber were prepared by 
diamond-sawing large quarry blocks. 
Since the cost of preparing each 
sample is approximately $80, the 
quarry blocks were used for the 
tests at atmospheric pressure con- 
ditions (Fig. 1). In this case, the 
block rests on a special table that 
measures the torque. Owing to the 
good uniformity of the rock used 
and its great strength, which gave 
relatively low drilling rates, runs as 
short as 6 in. were found to be suit- 
able for drilling data. For one set 
of drilling conditions, three to six 
such short runs were made in dif- 
ferent rock samples and the result- 
ing data were averaged. Therefore, 
each data point presented in this 
paper (Table 3) resulted from a min- 
imum of about 18 in. and a maxi- 
mum of about 36 in. of drilling. 
Actual data varied by about + 5 
to 10 per cent from the averaged 
values. 


Since high bit loads were frequent- 
ly imposed and the dolomite con- 
tained several per cent quartz, test 
bits were changed before any meas- 
urable wear had occurred. Bearings 
were kept clean and well lubricated. 
A standard, off-the-shelf hard-forma- 
tion bit was used, and all bits had 
conventional watercourses. The cir- 
culating fluid was fresh water, cir- 
culated at 70 gal/min using a stan- 
dard type of reciprocating slush 
pump. A separate series of drilling 
tests established that, at drilling rates 


of about 30 ft/hr (near maximum), 
circulation rates above 70 gal/min 
did not increase drilling rate when 
all other variables were held con- 
stant. All instruments and controls 
were regularly calibrated to insure 
accuracy. 


ANALYSIS OF DATA 


The data from the dolomite ex- 
periments are presented in Table 3. 
Each value represents the arithmetic 
average of three to six data runs. 
The data for each simulated depth 
were reduced with a digital com- 
puter using a least-squares quadratic 
surface-fitting procedure. The drilling 
rate and bit rotary power were ex- 
pressed as empiric quadratic equa- 
tions, in terms of bit weight and ro- 
tary speed, in the following forms. 


DNA CN 
dW + + fNW; 
and 
P= A + CN 
DW + EW? + FNW 
where 
R = drilling rate, 
ft/hr, 
P = bit rotary pow- 
er, hp, 
N = rotary speed, 
rpm, 
W = bit weight, 
1,000 Ib, 


a, b, c, d, e, f, = drilling rate 
constants, and 


TABLE 3—DRILLING DATA FOR BEEKMANTOWN DOLOMITE 


/4-in. Bit 
Simulated Simulated Simulated 
0-ft Depth 1000-ft Depth 3000-ft Depth 
Bit Rotary Drlg Rot Drig Rot. Drig. Rot 
Weight Speed Rate Power Rate Power Rate Power 
(Ib) (rpm) (ft/hr) (hp) (ft/hr) (hp) (ft/hr) (hp) 

3,800 60 ed —— 0.79 0.45 0.68 0.58 
4,587 400 4 — — 
18 2. — — 
4.750 60 0.72 0.41 0.89 0.56 0.71 0.51 
4,750 120 0.76 0.80 
4,750 180 — — 
400 5.06 2.98 3.02 1.91 
7,125 120 1.74 — — 
8,869 400 22.50 7.79 — — 
9,000 300 17.50 6.02 — — 
9,240 180 9.28 —. — 
60 3.68 — — 
9,500 200 3.51 4,49 
9,500 240 — — 10.66 6.45 — — 
9,500 260 — 3.80 
9,500 300 11.66 6.99 — 
9,500 400 14.40 8.67 4.92 6.93 
13,691 120 19.70 5.62 —. — — — 
14,250 120 a — 8.45 5.18 — —. 
17,609 180 50.40 9.99 — — — —. 
18,090 120 32.20 6.75 — — — — 
18,512 60 16.90 4.35 — — — — 
19,000 60 9.64 6.25 3.23 
19,000 120 —— — 15.40 6.41 11.30 6.83 
19,000 200 a — 24.50 9.32 14.90 8.96 
19,000 240 —— 34.80 12.35 — — 
26,745 120 63.90 12.30 — 

27,525 60 35.60 7.01 —. — —— 
28,500 60 — 17.30 77 13.40 6.21 
28,500 120 30.40 12.15 20.60 11.74 
38,000 60 28.90 9.51 — — 
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A, B, C, D, E, F, = bit rotary pow- 
er constants, 

These equations define three-di- 
mensional weight-speed-rate and 
weight-speed-power surfaces that can 
be used conveniently to interpolate 
and extrapolate the data. The quad- 
ratic form of equation was chosen 
because it provides the minimum 
number of terms which were con- 
sidered necessary to fit the experi- 
mental data accurately and permit 
limited extrapolation at high drilling 
rates. Depending upon the applica- 
tion, it may be possible to eliminate 
some terms or simplify the equations. 
For example, the reader can readily 
fit a power equation of the form 
(R = KN’W’) to the data. 


The rate and power constants for 
three simulated depth conditions are 
presented in Tables 4 and 5 respec- 
tively. All of the graphs showing 
trends of drilling rate, bit rotary 
power and drilling effectiveness were 
prepared by calculation using the 
quadratic equations, rather than the 
actual data. A sample comparison 
of the actual data and the calculated 
curve is shown in Fig. 3. The agree- 
ment with the calculated curve in 
most cases was quite good. The 
agreement between calculated values 
and observed data is not good at low 
drilling rates (i.e., very low rotary 
speed, variable weight or very low 
bit weight, variable speed) where im- 
proved accuracy would have no field 
application in any event. The agree- 
ment at high drilling rates is good, 
however, and limited extrapolations 
are considered possible. The calcu- 
lated trend is considered accurate be- 
cause all drilling data at a particular 
depth were used to calculate the em- 
pirical equations. This technique 
made it possible to obtain a large 
amount of information from a small 
number of actual tests. 

The drilling rate, bit rotary power 
and drilling effectiveness results will 
be discussed separately. 


DRILLING RATE 


LABORATORY RESULTS 


Calculated trends from the equa- 
tions in Table 4 are plotted in Fig. 
4, which shows how variable bit 
weight, rotary speed and depth af- 
fect penetration rate. As shown by 
the curves, drilling rate increases at 
an increasing rate with bit weight, 
both at the surface pressure condi- 
tion (O ft) and at depth (simulated 
3,000 ft). Conversely, drilling rate 
increases at a decreasing rate with 
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TABLE 4—DRILLING RATE IN TERMS OF BIT WEIGHT AND ROTARY SPEED 


R =a + bN + cN?2 + dW +eW? + fNW 


Where R = Drilling Rate (Ft/Hr) 
N = Bit Rotary Speed (rpm) 
W = Bit Weight (1,000 Ib) 
a, b, c, d, e, f = Drilling Rate Constants 
Conditions a b c d e : f zat 
43/4-in. bit drilling dol- te 295 1052 — 9.89 X — 9.89 1074 + 5.53 X 107°? +1266 10-2 
omite with water at 
0-ft simulated depth 
4¥,-in. bit drilling dol- + .06 — .782 X 10-7 — 4.82) — 3.42 1071 + 1.78 X 10> 
omite with water at 
1000-ft simulated depth 
4%,-in. bit drilling dol- + .052 + 6224x1057 => — 1.84 * 10-4 WOR 10 
omite with water at 
3,000-ft simulated depth 
TABLE 5—BIT ROTARY POWER IN TERMS OF BIT WEIGHT AND ROTARY SPEED 
P = A + BN + CN? + DW + EW? + FNW 
Where P = Bit Rotary Power (hp) 
N = Rotary Speed (rpm) 
W = Bit Weight (1,000 Ib) 
A, B, C, D, E, F = Bit Rotary Power Constants 
Conditions A B (e D E F 
434-in. bit drilling dol- — .486 X + 4:71 10-% £3125) xX 
omite with water at O-ft 
simulated depth 
43/,-in, bit drilling dol- — .672 X + X' 103 — 1.44 X 10> — 4.78 xX 10-4 + 3.45 X 10° + 2.84 X 10% 
omite with water at 
1,000-ft simulated depth 


omite with water at 
3,000-ft simulated depth 


rotary speed, both at the surface and 
at depth. Finally, the drilling rate 
decreases with depth at a decreasing 
rate, and the most significant reduc- 
tion in drilling rate due to pressure 
environment occurs within the first 
1,000 ft. 


The drilling rate trends show, as 
indicated in Fig. 4, that the drilling 
rate for constant rotary speed and 
variable weight would not be limited 
by inability of the bit to form chips. 
Rather, the limitation would be im- 
posed by external factors, such as 
the weight capacity of the bit bear- 
ings and teeth, or by limitations on 
the bottom-hole cleaning capacity of 
the hydraulic jetting action. 


On the other hand, the equations 
also show that, at constant weight 
and variable rotary speed, the drilling 
rate approaches a maximum for each 
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value of bit weight. Although the 
quadratic equation predicts such 
maxima, none were reached ex- 
perimentally—even at very low val- 
ues of bit weight and high rotary 
speeds. It is possible that the discrep- 
ancy could be explained by consider- 
ing that the rock bit tooth action in- 
cludes both a chipping and a scrap- 
ing action, even for so-called “hard- 
formation” rock bits. Scraping action 
is introduced by cone and by bit 
geometry and comes about because 
every cone has more than one rolling 
center. It seems reasonable to sus- 
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FIG. 4-SUMMARY OF WEIGHT AND 
SPEED EFFECTS ON PENETRATION 
RATE, PLOTTED FROM LEAST- 
SQUARES QUADRATIC EQUATIONS. 


pect that at progressively higher ro- 
tary speeds an increasing percentage 
of total chip volume is attributable 
to this scraping action, since the 
effectiveness of the impulse (chipp- 
ing) per tooth contact is probably 
decreasing. This would lead to a 
condition at very high rotary speeds 
where almost no chipping was taking 
place and most of the chips were 
being produced by a drag action, 
shearing process. The accelerated 
rate of wear of rock bits at higher 
speeds, as discussed by Cunningham,* 
tends to confirm this viewpoint. Fi- 
nally, then, since the tests reported 
here did not exceed 400 rpm rotary 
speed, it is possible that the drilling 
rate maxima are predicted from 
data which mainly include chipping 
action and do not adequately reflect 
the importance of scraping action on 
drilling rates at higher rotary speeds. 


The concave downward trend of 
drilling rate vs rotary speed is more 
graphically demonstrated by plotting 
penetration per revolution (instead 
of drilling rate) against rotary speed, 
as shown in Fig, 5. Thus, the pene- 
tration per revolution decreases for 
all bit weights as rotary speed is in- 
creased, with greater percentage de- 
creases occuring at high bit weight 
where the drilling rate is high. Al- 
though experiments cannot now be 
made at rotary speeds above 400 
rpm with our equipment, the trends 
(as plotted in Fig. 5) agree with 
Shreiner and Chzhi-Tszyan’s data,* 
which indicate that the penetration 
per revolution approaches zero as- 
ymptotically with rotary speed. 
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FIELD RESULTS 


Field testing has verified the con- 
cave upward curvature of drilling 
rate with added weight. Woods and 
Galle” show these results when using 
jet bits in a 7%-in. hole below 8,000 
ft in West Texas. They approximated 
their data with the empirical result 
R= KW”, where R is drilling rate, 
K is an arbitrary constant and W is 
the bit weight. On the other hand, 
the concave upward trend of drilling 
rate with bit weight at depth con- 
flicts to some extent with the field 
data cited by Speer.” His data indi- 
cated that drilling rate was directly 
proportional to bit weight, as ex- 
pressed in the equation R = KN’W. 
K in this case is again an arbitrary 
constant, R is the drilling rate, W is 
the bit weight, N is the rotary speed 
and x is an exponent less than 1.0. 


Field testing has also verified the 
concave downward curvature of drill- 
ing rate with added rotary speed. The 
comparison of laboratory and field 
results shown in Fig. 6 indicates that, 
under jet bit drilling conditions such 
as those in the AAODC field tests in 
West Texas,” the drilling rate in- 
creases with rotary speed at a de- 
creasing rate. The relative curvatures 
of the field tests and laboratory tests 
are similar. The penetration per rev- 
olution results in Fig. 5 are sub- 
stantiated generally by Payne’s™ field 
data. Payne analyzed 156 bit runs, 
half of which were made with a 
turbodrill and half with conventional 
rotary. The data showed that, while 
the turbodrill bits averaged twice as 
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many total revolutions, they only ob- 
tained half as much total footage. 
This meant that the penetration per 
revolution was four times greater for 
conventional rotary, as indicated by 
the data shown in Fig. 5. 


DISCUSSION 


Interpretation of field drilling tests 
has always been difficult because of 
the usually adverse effects of loosely 
controlled and recorded variables. To 
determine true drilling rate effects 
under local conditions, the controll- 
able factors such as mud weight, 
mud viscosity, fluid loss, fluid hy- 
draulic impact and bit type must be 
adjusted carefully to bring about the 
best possible drilling rate response to 
bit weight and rotary speed. This in- 
formation is needed to obtain opti- 
mum bit performance and reduce 
drilling costs. 

The forces affecting chip hold- 
down and ejection may partially 
explain why the field test results, like 
those shown by Speer,” do not gen- 
erally reflect the concave upward 
curvature of drilling rate with added 
weight. In these laboratory tests, 
where an impermeable rock was 
drilled with clear water, there was 
no flow from the borehole to the 
formation pore space below, which 
tended to hold chips down. Further, 
the low viscosity of the water (rela- 
tive to that of field drilling muds) 
permitted rapid communication of 
pressure along the fissures of chips 
being formed by the bit teeth. 

Mud properties and bit hydraulics 
can be controlled in field drilling to 
improve the actual response of the 
formation to added bit weight. First, 
as shown by Moore and Gatlin,” 


there is an increase in drilling rate 
associated with increased “fluid loss”. 
Among other things, fluid loss indi- 
cates a low-viscosity phase, such as 
clear water, is present in a drilling 
mud. Other than fluid loss effects, 
further increases are shown by var- 
ious authors to result from lower 
mud weight and lower mud 
viscosity.”°” Thus, a high-fluid- 
loss mud of low weight and low vis- 
cosity should aid chip ejection by the 
drilling fluid and contribute to a con- 
cave upward drilling rate-vs-weight 
trend. Secondly, despite conclusive 
tests and widely reported economies, 
many drilling programs do not yet 
take full advantage of improved rates 
for jet bit drilling with high flutd im- 
pact. In this case, when weight is 
raised, the full effect of improved 
chip formation may not be realized 
because inadequate hydraulic impact 
is used to clean the hole bottom 
properly. Optimum use of hydraulic 
power is needed to cause rapid ejec- 
tion of every chip formed by the 
teeth. 

Interpretation of both field 
and laboratory results is also made 
more difficult by the lack of com- 
prehensive theoretical studies. One 
physical interpretation of the re- 
sponse of the rock to added weight 
and speed may involve the force-time 
characteristics of the tooth impulses. 
The trends shown here might be in- 
terpreted to mean that in brittle rock, 
at least, faster drilling rate is attained 
both by increased magnitude of im- 
pulse (force X time) per tooth con- 
tact and by an increased number of 
impulses per unit of time. The data 
do not show how the impulse time 
duration changes, but added weight 
produces a greater effect on drilling 
rate than does the same per cent of 
added speed. Therefore, it would also 
seem that increasing the magnitude 
of impulse per tooth is more effective 
than an increased number of im- 
pulses. In other words, by raising 
weight with speed held constant, the 
average dynamic tooth force in- 
creases, while the time of force ap- 
plication is assumed to remain es- 
sentially constant. This is apparently 
more effective than raising speed, 
where average-force level remains 
about constant, where time of con- 
tact decreases but where the total 
number of tooth contacts increases. 
It remains for further analytical and 
experimental work to establish the 
characteristics of the most effective 
force-time function to accomplish 
rock failure under a given set of 
conditions. 
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APPLICATION 


The general response of the forma- 
tion to increase in bit weight and 
rotary speed shows a basic advantage 
to favoring higher bit weights over 
increased rotary speeds. More field 
data (correlating per-foot costs with 
weight-speed practices) are needed to 
prove the economic justification for 
this approach. For a specific field ap- 
plication situation, Graham and 
Muench*® have shown that, for 77% - 
in. bits at depths approaching 6,000 
ft, high weights of 50,000 to 95,000 
lb are needed to minimize drilling 
costs when low rotary speeds of 50 
to 100 rpm are used. 


The rock responds in a complex 
manner to bit weight and rotary 
speed. Simplified drilling rate equa- 
tions, such as those suggested by 
Woods and Galle” and Speer,” are 
not thought to be completely capable 
of reflecting these complex responses. 
The quadratic drilling rate equations 
of Table 4, however, provide a fam- 
ily of curves for each selected depth. 
By contrast, field test results at best 
provide only a very general curve. 
Such curves show the averaged re- 
sults for all depths and, in some 
cases, weight and speed are consid- 
ered separable variables. Using sep- 
arable variables leads to considerable 
scatter when field data are plotted. 


The more general quadratic form 
of equation has been applied with 
success to actual field drilling situa- 
tions by multiplying all terms by an 
arbitrary constant. The arbitrary con- 
stant in this case is the ratio of the 
actual penetration rate to the drilling 
rate calculated from Table 4 for the 
depth under consideration. Accord- 
ingly, the ordinates in Fig. 4 can be 
adjusted by the same constant and 
the relative trends studied. Extrapola- 
tion to greater depths and other bit 
sizes is also possible by graphical 
means, using equations from Table 
4 as a starting point. 


BIT ROTARY POWER RESULTS 


Table 5 lists the constants for the 
three bit rotary power equations, 
expressing power in terms of the bit 
weight and rotary speed. Calculated 
trends (plotted in Fig. 7) show a 
marked similarity to the drilling rate 
trends in Fig. 4. However, as indi- 
cated by the comparison in Fig. 8, 
the drilling rate is not in all cases 
directly proportional to the bit rotary 
power. 

The bit rotary power in thes2 ex- 
periments is calculated using the ro- 
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tary speed and the torque reaction 
measured between the cones and the 
rock. This observed torque then in- 
cludes the torque reaction exerted 
by the rock on the cones, which 
causes cones to rotate on their own 
axes, as well as the torque which 
overcomes rolling resistance on the 
rock itself. Thus, these power values 
include a certain amount of friction 
horsepower which is not actually 
used in doing work on the formation, 
but which is necessary to operate the 
bit, Example sources of friction pow- 
er are cone bearing friction and fric- 
tional drag between the rotating 
cones and the circulating fluid. In a 
separate series of tests, it was de- 
termined that the bit friction power 
varied with bit loading in very near- 


ly the same way as the bit drilling 
power, but that the friction power 
was only about 5 per cent of the 
total bit rotary power. 

Therefore, the bit rotary power 
reported here includes a small per- 
centage of nonproductive power. The 
remainder exactly equals the power 
which the formation will accept for 
chip formation under the particular 
conditions of drilling. The thrust 
power due to bit weight ranged under 
test conditions from about 0.5 to 2 
per cent of the measured bit rotary 
power and is, therefore, not included 
in the data. For a particular depth, 
formation and bit geometry, the re- 
sults of the drilling experiments in- 
dicate no limit on the amount of 
power that might be dissipated into 
the formation to create chips, but the 
manner in which the power is ap- 
plied does make a difference. As 
shown in Fig. 7, the bit rotary pow- 
er increases at a decreasing rate with 
rotary speed. This means simply that 
the torque required to rotate the bit, 
when bit weight remains constant, 
decreases as rotary speed increases. 
This is shown in Fig. 9. From this 
result, it can be inferred that, besides 
tooth geometry, formation properties 
and the static state of stress at the 
hole bottom, the chip formation is 
dependent also on either the rate of 
loading during each tooth contact 
or on the time duration of tooth 
contact, or both. 


Other than the relation of drilling 
rate to bit rotary power and the re- 
lation of torque to bit load, the low 
value of bit rotary power is also of 
interest. From Fig. 7, for example, 
the hard-formation type of bit at a 
simulated depth of 3,000 ft required 
only 7 hp, drilling 10 ft/hr at 200 
rpm and 15,000 lb bit weight, How 
effective this amount of bit rotary 
power is can best be understood 
by combining power, penetration rate 
and hole area into a term called 
“drilling effectiveness”. 


DRILLING EFFECTIVENESS 
RESULTS 


The drilling effectiveness is a meas- 
ure of the energy required to frac- 
ture out a unit volume of rock and 
is defined in terms of cubic feet of 
rock removed per horsepower-hour 
of energy expended. The drilling ef- 
fectiveness is calculated by multiply- 
ing drilling rate times bottom-hole 
area and dividing by bit rotary horse- 
power. 


The effects of bit weight, rotary 


TOURNAL OF PETROLEUM TECHNOLOGY 


- | 7 Wf 1 
Fy | 
Q 
y 
= 
of 
[ 4 | 
174 
] | Ye 
= 


4-3/4-INCH BIT, DRILLING BEEKMANTOWN DOLOMITE 


1400 70 
ROTARY SPEED=60 RPM 
SIM. DEPTH = 3000 FT 

1200+ 60 

1000 50 
' 800+ 40k 
3 
600+ 30 2 
ay 
= 
= 400 20 

200+ 410 

0) 

50 


BIT WEIGHT/1000-LB 


1400 70 
BIT WEIGHT = 20,000 LB 
SIM. DEPTH = 3000 FT 
1200 + 460 
= 1000+ 450 
800+ 440 
w 
« 600F 
= 
4 
= 
400} abe 420 & 
- a 
TORQUE 
200+ Be 410 


O 100 200 300 400 500 
ROTARY SPEED- RPM 


FIG. 9—SUMMARY OF BIT WEIGHT AND ROTARY SPEED EFFECTS ON 
TORQUE AT THE BIT, PLOTTED FROM LEAST-SQUARES 
QUADRATIC EQUATIONS. 


speed and depth on drilling effective- 
ness are shown in summary form 
Fig. 10. Effectiveness is related to 
drilling rate in Fig. 11, for reference. 
The characteristic trends show that 
the drilling effectiveness decreases 
with added rotary speed, increases 
with added bit weight and decreases 
with greater depth. 


It must be remembered, however, 
that maximum drilling effectiveness 
Joes not mean least drilling cost per 
foot. Minimizing the drilling cost per 
foot, the ultimate aim, naturally in- 
volves simultaneous consideration of 
many important factors such as drill- 
ing rate, bearing and tooth wear, rig 
costs and bit costs. The drilling ef- 
fectiveness is only one measure of 
bit performance and is introduced 
here to aid understanding of how the 
rock bit utilizes energy. 


Additional bit weight, or force, is 
an obvious way of increasing drill- 
ing effectiveness. Since it is not al- 
ways possible to carry long strings 
of drill collars, additional means of 
applying bit force may have merit. 
Kellner and Roberts” recently dis- 
closed such a means — a hydraulic 
wall-anchored drill collar. In areas 
having competent hole wall on which 
to anchor (as in hard formations 
which require greater weights), such 
a tool appears to have both a funda- 
mental and an operational advan- 
tage. 

The drilling effectiveness results 
also show that two important fac- 
tors have adversely affected the op- 
eration of turbodrills when used at 
depth. First, since the turbodrill bit 
operates at rotary speeds beween 
600 and 1,000 rpm, the drilling ef- 
fectiveness is relatively low, probably 
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due to a high rate of loading per 
tooth contact and to a short time 
duration of individual tooth contact. 
Second, as depth increases the forma- 
tion becomes harder, and more ener- 
gy is required per unit volume to 
maintain constant drilling rate. But, 
since the turbine rotor must operate 
within a certain speed range to maxi- 
mize turbine output power, weight on 
bit cannot be arbitrarily raised to in- 
crease energy input to the forma- 
tion without risk of exceeding tur- 
bine torque output, If output torque 
requirement is excessive, of course, 
the turbine stalls. 


Under certain conditions where 
high bit weights cannot be main- 
tained, it would be desirable to in- 
crease bit rotary power and the drill- 
ing rate by operating at moderate 
weights and at rotary speeds in the 
range of about 300 to 400 rpm. Such 
weight-speed practices are outside the 
range of normal rotary practices, 
mainly because of excessive wear 
and tear on the drill string at in- 
creased speeds. However, a turbodrill 
speed reducer would permit the tur- 
bine rotor to operate at the desired 
speed but would reduce bit rotary 
speed by about three times—into the 
range of 300 to 400 rpm. 


In this regard, Bingman” recently 
suggested, “A tool having higher tor- 
que and lower speed (perhaps the 
same horsepower) should perform 
better with both diamond bits and 
rock bits than present turbodrills”. 
Russia has already been experiment- 
ing with several kinds of speed re- 
ducers for turbodrills. At least one 
USSR experiment has been reported” 
where an 8-in. hole was drilled at 
49.4 ft/hr using a turbodrill and 


speed reducer, compared to 34.6 ft/ 
hr under comparable conditions with 
the standard turbodrill at higher 
rotary speeds. 


DRILL BIT EFFICIENCY 


Having the values of drilling ef- 
fectiveness available, as shown in 
Fig. 10, an estimate of the efficiency 
of the roller-cone rock bit can be 
obtained and energy requirements in 
drilling compared to other means 
of destroying rock. Calculation of 
the theoretical energy required to 
drill rock with a roller-cone drill bit 
is complicated by the fact that two 
distinctly different jobs must be done. 
First, the bit must break down the 
formation into chips which can be 
lifted by the circulating fluid. Second- 
ly, the bit must produce the geom- 
etry of a borehole. Plainly, it is one 
thing to break from a piece of rock 
a small cube which has three free 
faces (as Cube A in Fig. 12) and 
another thing to fracture out the 
same-sized cube having only one free 
face (Cube B, Fig. 12), as would 
be the case at the bottom of the 
borehole. Thus, in calculating the 
efficiency of the rock bit, the energy 
required to form the borehole geom- 
etry (one-free-face situation) must 
be considered in addition to the 
subsequent energy required to break 
down the unsupported rock (three- 
free-faces situation) into suitable- 
sized chips. 


On this basis, then, a reasonable 
model can be proposed from which 
the drilling energy required at 100 
per cent bit efficiency can be calcu- 
lated and compared to actual energy 
requirements. It seems reasonable 
that the least possible energy ex- 
penditure per unit volume of rock re- 
moved would require that the drill- 
ing process first cut a very narrow, 
circular kerf at the hole periphery 
to form the required geometry; and, 
second, break down the core which 
remains standing in the center by 
using comminution methods.” In this 
hypothetical drilling process, the kerf 
could be cut using a very narrow, 
diamond coring bit or it could also 
be cut using a narrow, rolling cut- 
ter-type coring bit. The main volume 
of the formation drilled then would 
be broken down by comminution and 
circulated up the hole. 


Consider the diamond coring-plus- 
comminution method first. Practical 
consideration of diamond drill de- 
sign indicates that a kerf not nar- 
rower than about ¥%-in. might be cut. 


Assume that a total of 1 cu ft of 
Beekmantown dolomite is to be re- 
moved from a 4%-in. borehole at 
about 3,000 ft. The diamond-cut kerf 
would be 4.75-in. OD by 4.50-in. ID 
by 8.14-ft long and require 1,835,- 
000 ft/lb of energy. The latter fig- 
ure is based on laboratory data for 


the drilling effectiveness of a 4%4-in. 
full-hole diamond bit in the same 
rock. Following the methods of 
Charles,” only 128,000 ft/lb would 
be needed to reduce the core to ’%- 
in. cubes, Thus, the hypothetical 
process of coring and comminution 
uses 1,963,000 ft/lb total to remove 


4-3/4-INCH BIT, DRILLING BEEKMANTOWN DOLOMITE 


FT 

0.6 20,000 LB 

z 

W 

>o2b 

= 

oO 

W 

1 1 1 

ui -O 100 200 300 400 500 


ROTARY SPEED- RPM 


x 
zr0.8 
3000 FT 
= 
04+ 
WW 
20.2 20,000 LB 
5 
Ww QO 100 200 300 400 500 


ROTARY SPEED- RPM 


BIT WEIGHT = 20,000 LB 


EFFECTIVENESS FTYHP-HR 


10) 1000 2000 3000 
SIMULATED DEPTH - FT 


° 


je) 
ine) 
T 


30 40 #450 
BIT WEIGHT/10GO-LB 


ley 


EFFECTIVENESS FT /HP 


@ 


3000 FT 


T 


ine) 
T 


1 


107 
BIT WEIGHT/1000-LB 


EFFECTIVENESS FTVHP- HR 
‘pb 


ROTARY SPEED = 60 RPM 

00.44 

= 30,000 LB 

>o.2+ 10,000 LB 

5 

1 

1000 2000 3000 


SIMULATED DEPTH - FT 


FIG. 1O—SUMMARY OF BIT WEIGHT AND ROTARY SPEED EFFECTS ON 
DRILLING EFFECTIVENESS, PLOTTED FROM. LEAST-SQUARES 
QUADRATIC EQUATIONS. 


4-3/4-INCH BIT, DRILLING BEEKMANTOWN DOLOMITE 


50 

ROTARY SPEED=60 RPM 

SIM. DEPTH = 3000 FT 
> 140 a 

> 
& 

0.4 
z* EFFECTIVE] 
NESS 410 & 
= 

ja) 4 


BIT WEIGHT/1000-LB 


50 

2 BIT WEIGHT = 20,000 LB 

wW SIM. DEPTH = 3000 FT x 

4490 

w 

4305 

wi" ane Jeo 

2 

10 & 

= EFFECTIVENESS | 

ax 


0) 
0 100 200 300 400 500 
ROTARY SPEED- RPM 


FIG. 1I—SUMMARY OF BIT WEIGHT AND ROTARY SPEED EFFECTS ON 
DRILLING RATE AND EFFECTIVENESS, PLOTTED FROM 
LEAST-SQUARES QUADRATIC EQUATIONS. 


1 cu ft. Using an effectiveness of 
0.32 cu ft /hp-hr (Fig. 10) for the 
rock bit, drilling the same 1 cu ft 
would require 6,180,000 ft/lb. Thus, 
the rock bit efficiency is calculated 
as (1,963,000) / (6,180,000) = 31.8 
per cent. 

Similary, the material in the kerf 
could also be removed by a rolling 
cutter-type core drill with a mini- 
mum width of about ¥%-in. Assum- 
ing for lack of data that such a drill 
would cut at the same effectiveness 
as the full-hole rock bit (0.32 cu 
ft/hp-hr), the kerf would require 
1,786,000 ft/lb and, again following 
the methods of Charles,” the core 
would require only 101,000 ft/lb. 
These figures yield a rock bit effic- 
iency of (1,887,000) / (6,180,000) = 
30.6 per cent, or about the same as 
before. 

It is not considered realistic to 
assume that all the rock within the 
geometrical confines of the borehole 
can be broken down by the more 
efficient comminution methods alone. 
This type of calculation gives no 
credit to the bit for having formed 
the geometry of the borehole and 
leads to very pessimistic values for 
over-all bit efficiency.” On the other 
hand, efficiency on the order of 30 
per cent still gives considerable in- 
centive for continued research on im- 
proved drill bits and for development 
of more efficient means for rock at- 
tack. 

To compare energy requirements 
for the rock bit with other common 
means for breaking down rock into 
small particles, Table 6 was pre- 
pared. Using the same basis of calcu- 
lation, energy requirements for crush- 
ing, blasting and drilling are com- 
pared. Theoretical (but not practi- 


PARTICLE A= 3 FREE SURFACES AS IN 
COMMINUTION CASE 


PARTICLE B=1FREE SURFACE AS IN 
BOREHOLE DRILLING CASE 


FIG. 12—DIFFERENCE IN CON- 
STRAINT FOR TWO ROCK 
PARTICLES. 
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TABLE 6—ENERGY REQUIRED PER CUBIC INCH 
TO REDUCE SIZE OF SIMILAR ROCKS TO 
100 PER CENT FINER THAN 1 MM 


Theoretically 


Surface Energy Relations 
E = 0.64 ft-lb/cu in. (Ref. Somerton?3) 
Experimentally (Approximate) 


Crushing (Comminution, 3 Free Faces) 
E = 230 to 805 ft-lb/cu in. 
(Ref. Charles,?2 Somerton?) 

Blasting (2 Free Faces, Confined 11/2-in. 

holes, 6 to 10-ft deep, 3-ft spacing) 

E = 4,760 to 8,030 ft-Ib/cu in. 

(Ref. Bond?4) 

Drilling (full-scale, three-cone, 43/,-in. 

Roller Bit; 1 Free Face) 

E = 4,400 to 17,400 ft-Ib/cu in. 
Drilling (‘‘Microbit'’, Two-Cone, 11%4-in. 
Diameter, 1 Free Face) 

E = 6,000 to 30,000 ft-Ib/cu in. 

(Ref. Somerton?%) 


cally applicable) surface energy re- 
quirements are shown for reference. 
In Table 6 it is seen that the least 
energy requirements for the three- 
cone, 4%-in. bit are on the same 
order as energy requirements in 
blasting, where the more attractive 
situation of two free faces was avail- 
able instead of one as in drilling. 
Also, it can be seen that the smaller 
diameter two-cone microbit is not 
so efficient as the full-scale bit, in- 
dicating that extrapolation of micro- 
bit test results to field drilling condi- 
tions may involve important limita- 
tions. Since a very hard rock and a 
short-toothed, hard-formation bit 
were used in the tests being report- 
ed here, the energy requirements in- 
dicated in Table 6 for the 4%-in. 
rock bit probably represent upper 
limits. Suitable particle-size distribu- 
tions for diamond, drag and percus- 
sion drilling chips were not available 
for comparative energy requirement 
calculations. Actual energy require- 
ments for the three-cone rock bit 
would be 1,400 to 5,500 ft-lb/cu in., 
somewhat less than those shown in 
Table 6 because in the actual case 
not all particles were reduced to 1 
mm. 


CONCLUSIONS 


Based upon full-scale laboratory 
testing at simulated depths to 3,000 
ft using a 4%4-in. hard-formation 
type of roller-cone bit in impermeable 
Beekmantown dolomite, the follow- 
ing conclusions are drawn. 


1. Added bit weight causes drill- 
ing rate and bit rotary power to in- 
crease at an increasing rate and 
causes drilling effectiveness (volume 
removed per unit of drilling energy) 
to increase at a decreasing rate. 


2. Added rotary speed causes drill- 
ing rate and bit rotary power to in- 
crease at a decreasing rate and 
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causes drilling effectiveness to de- 
crease at a decreasing rate. 


3. For the conditions studied, the 
following are representative values 
of bit performance characteristics: 
drilling rate, 5 to 40 ft per hour; bit 
torque, 150 to 750 ft-lb; bit rotary 
power, 4 to 20 hp; and drilling ef- 
fectiveness, 0.2 to 0.9 cu ft/hp-hr. 


4. In an impermeable formation, 
the energy required to drill a unit 
volume of rock increases with simu- 
lated depth. This is compatible with 
a similar increase of rock strength 
at increased depth. 


5. Through a series of quadratic 
equations, means are available to 
predict the complex response of the 
rock to drill bit loading. 


6. The mechanical efficiency of a 
rock bit is about 30 per cent. Full- 
scale rock bit efficiency is (1) great- 
er than the efficiency of the micro- 
bit and (2) about the same as blast- 
ing with two free faces. 
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W. H. Somerton’ showed that the 
dimensionless parameter RD*S/NW* 
is significant for the process of 
retary drilling. The discussor’ showed 
this parameter to be related to RD’S/ 
P, a significant parameter for all rock 
drilling methcds employing concen- 
trated mechanical loadings. The no- 
tations D and S are, respectively, the 
hole diameter and drilling strength; 
the other notations are the same as 
those of the authors. 


R should vary approximately as 
NW‘ for the ranges of values of other 
pertinent parameters under which the 
Somerton parameter is reasonably 
constant. This is well substantiated 
by the authors’ data of Table 3. R/ 
== 0:8, 4.0) == 
2.5 + 0.5 for the simulated depths 
of 0, 1,000 and 3,000 ft, respectively, 
for all values of N and for all values 
of W > 7,125 lb, where R is given 
in ft/hr, N is 10° rpm and W is 10* 
lb. The + variations are average de- 
viations. For W < 4,750 lb, R/NW* 
increases rapidly with decrease in W 
for the 1,000- and 3,000-ft depths 
and reaches values of 9 and 8, re- 
spectively, at W = 3,800 lb. For 
the 0-ft simulated depth, R/NW* de- 
creases for the smaller values of W 
but by an amount that may not be 
statistically significant. 


These results may be demonstrated 
graphically by plotting R/NW* as 
a function of W for each simulated 
depth. No tendency is evident for the 
vertical ordering of the points at each 
value of W to vary in any systematic 
manner with N, with the exception 
of the 60-rpm points for 3,000-ft 
simulated depth. This exception is 
probably the main reason why the 
authors’ least-squares match to their 
empirical quadratic equations led to 
the erroneous conclusion regarding 
the effects of increased rotary speed 
on the rate of penetration. On the 
contrary, the authors’ data demon- 
strate the absence of any significant 
rate of loading effects in the range 
of rates of loading involved in rotary 
drilling into brittle rock, in agreement 
with the results of the discussor’s 
concentrated loading experiments. 
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This conclusion applies to all three 
simulated depths. 


The primary cause or causes of 
the decreased penetration per revolu- 
tion often experienced in field prac- 
tice as the rotary speed is increased 
remain to be investigated. The effec- 
tive force between the bit and the 
rock for producing fragmentation 
may differ appreciably from the force 
of gravity on the mass of elongated 
geometry (the drill collars) because 
of dynamic effects (coupled longitud- 
inal, torsional and bending vibraticns 
of the cslumn generated at the bot- 
tom of the hole), which would in- 
crease with increased rotary speed. 
The force between the bit and the 
rock was obtained by hydraulic load- 
ing in the authors’ experiments, 


It is certainly within the authors’ 
prercgative to use empirical relation- 
ships to fit their data if they choose 
not to be guided by existing theo- 
retical considerations. However, em- 
pirical relationships must be chosen 
judiciously with due regard given to 
limiting conditions of the variables 
insofar as pessible. Thus, R should 
vary at least as NW to obtain R = 
0 for either N = 0 or W = O, and 
higher-order terms should involve 
products of higher positive powers 
of N with higher positive powers of 
W. The approximate proportionality 
between R and NW* would have be- 
come evident. Furthermore, all con- 
clusions based on empirical relation- 
ships developed trom experimental 
data must be evaluated for statistical 
significance by well known methods; 
i, e., consideration must be given 
to the probability that each specific 
conclusion could have been the result 
of chance statistical fluctuations, in 
view of the limited amount of data, 
the number of variables involved and 
the accuracies of the measurements. 
Closeness of fit between the data and 
the empirical relationships is no crit- 
erion for the reliability of the result- 
ant conclusions. Any finite amount of 
data, no matter how poor in experi- 
mental accuracy, can be fitted as ac- 
curately as desired with an empirical 


power law series by using a sufficient 
number of terms in the series. 


The authors’ data show that the 
value of R/P = 2.0 + 0.5 and 1.4 
+ 0.3 ft/hr hp for the 1,000- and 
3,000-ft simulated depths, respective- 
ly, for all values of N and W. Plots 
of R/P as a function of W seem to 
exhibit some small variation with W 
for these two simulated depths, but 
this variation may not be Statistically 
significant. No variation with N is 
evident. The value of R/P for the 
0-ft simulated depth rises from about 
two at low values of W to approach 
a constant value of about five at the 
higher values of W. The value of S 
for dry Beekmantown dolomite at 
atmospheric pressure is 27,000 + 
8,000 psi, based on the results of 
measurements performed by the dis- 
cussor on a sample kindly furnished 
by the authors. The predicted value 
of R/P based on a value of 2.0 for 
the parameter RD*S/P is 6.6 ft/hr 
hp. The efficiency of utilization of 
energy to break rock thus approaches 
100 per cent for rotary drilling with 
sufficient weight on the bit, as prev- 
iously pointed out by the discussor 
on the basis of the energy require- 
ments for concentrated loadings.’ 

Consideration of the mechanisms 
of energy dissipation by concentrated 
loadings’ shows that the energy re- 
quired to drill a unit distance should 
consist of two additive terms, one 
proportional to the area of the bottom 
of.the hole and another proportional 
to the wall area. The latter term be- 
comes significantly large only for 
small-size bits and thus accounts for 
the lower efficiency of the microbit. 
The latter term is the predominant 
one when drilling out a narrow kerf 
around a core; hence, the energy re- 
quired to drill out a unit volume of 
kerf material bears no direct rela- 
tionship to that measured with a 
full-scale rock bit. 
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AUTHORS’ REPLY TO R. SIMON 


One of the main points of R. 
Simon’s discussion is that our empiri- 
cal least-squares equations for drill- 
ing rate and rotary power have 
ignored the existence of “significant 
dimensionless drilling parameters” 
developed by Simon and by Somer- 
ton. The possibilities for reducing 
our data through use of these and 
other dimensionless forms (with or 
without theoretical basis) have been 
previously evaluated by us. We con- 
cluded that, at this time, it would be 
impossible to prove or disprove the 
validity of any dimensionless para- 
meters for full-scale bits from data 
in only one type of rock, as in our 
tests. When additional data from 
such tests have been provided, it will 
then be possible to test the validity 
of such dimensionless groups and 
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perhaps gain an improved under- 
standing of rock drilling processes. 
We noted that Somerton’s dimen- 
sionless terms have been tested only 
against 14%4-in. diameter “microbit” 
data, and Simon’s parameters have 
been tested only against single point 
drop chisel tests. Neither bears a 
proved similarity to full-scale roller 
bit dynamics or geometry. Thus, at 
this time, we could not agree with 
Simon that his parameter (RD*S/P) 
applies without qualification as “a 
significant parameter for all rock 
drilling methods employing concen- 
trated mechanical loadings”. 

In a related argument, Simon 
points out that our empirical rela- 
tions do not furnish a statistically 
significant basis for drawing conclu- 
sions. It can be seen from the paper, 


however, that it is not necessary to 
extrapolate any of our equations be- 
yond the test range in order to reach 
the conclusions drawn in the paper. 
Thus, the conclusions are based upon 
irrevocable trends as developed in 
the raw test data, later reduced to a 
few quadratic equations which are 
intended only to ease the job of in- 
terpreting and handling the data. Our 
interpretation of high rotary speed 
test results (1.e. by extrapolating the 
data) is also questioned by Simon. 
As we suggested in the paper, rate 
of tooth loading and time duration 
of contact effects may be operative. 
Drill collar inertial effects (discussed 
by Simon) and chip clearance ef- 
fects’ may also be important in de- 
termining high rotary speed behavior 
of the system. kak 
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ABSTRACT 


The purpose of this paper is to illustrate a compara- 
tively new approach for solving a problem that has 
plagued oil producers for many years—how to make 
the most money with available field production capacity. 

In a very basic operation such as a top-allowable 
one-well field, a computer and staff of engineers are 
not required to determine that the best operation is 
to produce that well at its maximum for as long a 
time as it will produce. However, as the problem be- 
comes more complex and the number of wells and 
number of reservoirs increase, it probably will be a 
wise choice to devote some engineering thought and 
calculation time to determine the best way to operate 
that field on both an ultimate and day-to-day basis. 


Continued developments in the field broadly referred 
to as “operations research” have led to a number of 
useful engineering analyses for optimizing field opera- 
tional problems. One of these techniques, termed linear 
programing, is particularly interesting because of its 
potential applications to the study of complex oilfield 
operating problems. Linear programing is concerned 
with the problem of planning a complex set of inter- 
dependent activities in the best possible (optimal) fash- 
ion, 

A field application of linear programing is being 
used to maximize daily income from a multi-reservoir 
producing operation. The initial results of this study 
indicate that the linear programing technique (1) can 
be applied effectively to field problems, (2) can be used 
to detect unsuspected avenues for improving operations 
and (3) can effect a significantly improved means of 
controlling field operations through the use of the high- 
speed computer. 


INTRODUCTION 


The usual approach for studying complex field opera- 
tional problems has been to Icok in detail at several 
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basic plans suggested by judgement and experience and, 
then, to choose the best plan from those investigated. 
This approach is entirely satisfactory provided: (1) 
that judgment and experience alone will reliably pick 
the best or near the best program as one of the plans 
to be investigated; and (2), and most important, that the 
factors which control field production will not change. 

This paper deals with the large group of field opera- 
tions which are at least one-step removed from a satis- 
factory solution using the conventional method of an- 
alysis. Problems such as pipeline- and gathering-system 
design, transportation studies, large field development 
projects and multi-reservoir producing operations fall 
in this latter category. 

To find the best program for handling these problems 
when the best program is not obvious, a complete opti- 
mization study is required, and high-speed computers 
are required to continually update the program once it 
is selected. Operations of this type have an extremely 
large number of possible solutions. However, only one 
will result in maximum economic return and, more im- 
portant, this one program must be re-evaluated and ad- 
justed constantly to accomodate such changing field 
factors as the number of producing days, the price of 
crude, the discovery of new reserves, declining reservoir 
pressure with subsequent decline in production and a 
host of other factors which characterize specific opera- 
tions. 

One of the most widely used, direct methods of op- 
timization is a numerical procedure termed “linear pro- 
graming”, which is designed to investigate systematically 
each of the possible solutions involved in a given prob- 
lem, determining rapidly and uniquely the optimum 
answer. As implied by the name, linear programing 
requires that all field variables be either defined or 
expressed in a series of interdependent linear equalities 
or inequalities. These relationships are solved simul- 
taneously, using a form of matrix solutions to determine 
the optimum values for each producing variable that 
will maximize net profits. The solution techniques used 
in a recent field case study is termed the “simplex 
method” and is discussed in full detail in Ref. 1. 


‘Reference at end of paper. 
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Although the primary purpose of this paper is to 
illustrate the application of linear programing to the 
field case study, a very brief discussion outlining the 
basic mechanics of the simplex method of linear pro- 
graming solutions is deemed necessary. (A complete 
background of the method should be obtained by con- 
sulting Ref. 1). 

The use of the first-order algebraic approximations 
is basic in the simplex method of linear programing 
solutions, These can be applied to nearly all kinds of 
scheduling and optimizing problems in engineering. 
The method is adaptable to hand or machine computa- 
tion. It is simpler, although more tedious, than the 
methods used for least-squares or correlation calcula- 
tions. No operation more complex than division, multi- 
plication, subtraction or addition is required. Although 
selection and construction of the mathematical model 
of the problem is somewhat of an art, the solutions are 
reduced to a mechanically routine calculation. 


The simplex method of linear programing consists es- 
sentially of the following. 


1. Restriction relationships—a series of inequality state- 
ments that describe all of the conditions of the 
problem that must be kept within certain limits. 

2. Definitional relationships—a series of equations that 
define the conditions of the problem that can be 
stated as equalities. 


3. Combination of the restrictional and definitional re- 
lational relations (requirements vector)—a series of 
inequalities that encompasses all of the restrictional 
and definitional conditions. 

4. “Slack” variables—a set of values introduced into 
the relationships outlined in Item 3 to reduce the 
inequality statements to equations. 

5. Maximal function—considering slack variables, the 
problem has more unknowns than equations, which 
result generally in an infinite number of solutions. 
At this point it is necessary to introduce a functional 
that will minimize or maximize a set of conditions in 
the problem under consideration. This is usually a 
net profit, maximum production or minimum error 
equation. 


GAS GATHERING SYSTEMS 
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6. Simplex matrix—the solutions to the equations de- 
rived are solved using matrix algebra so that the 
maximal function is satisfied. 


FIELD HISTORY 


Producing operations. in the example field are char- 
acteristic of most large multi-reservoir fields, with the 
exception that there are no regulatory restrictions. Fig. 
1 is a schematic drawing of the producing operation 
on which the optimization program was based. There 
currently are four major reservoirs, with some 40 oil- 
and gas-producing wells. Three of the reservoirs (Zones 
A, B and C) are producing under gas-injection opera- 
tions, with Zone D serving as a source for a portion 
of the make-up gas. Normally, total field gas produc- 
tion is injected into Zones A, B and C, and no gas is 
sold except upon emergency shut-down of the com- 
pressor station. 


To provide an adequate supply of extraneous gas for 
conducting the conservation programs, a “borrow-re- 
turn” agreement was negotiated with the connecting gas 
company. Under terms of the agreement, “storage” 
gas is supplied to the field during the warmer months, 
with a lesser volume of gas being returned to the gas 
company during brief periods of peak demand. Both 
the field gas production and “borrowed” gas are com- 
pressed at the central plant for injection into Zones A, 
B and C. A portion of the field gas is used to supply 
lease fuel and a high-pressure gas-lift system. 


The field produces into a four-pressure gathering 
system of 50, 250, 950 and 2,000 psi. Five compressors 
with 13 stages of compression are used to compress 
the gas from each of the gathering systems to reser- 
vior injection pressure. While the total horsepower 
available from each compressor is fixed, the capacity 
available for any of the four gathering systems can be 
adjusted by changing the clearance in the 13 stages of 
compression through common manifolding. 


BASIC ANALYSIS 


The economic justification for each of the secondary 
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recovery programs was determined from separate res- 
ervoir studies, The problem to be solved by the opti- 
mization study is to maintain maximum net income on 
a day-to-day basis while complying with the following 
restrictions, 


1. Do not exceed the maximum economic produc- 
tivity of oil- and gas-producing wells. (The capacity 
at which operating difficulty such as freezing will not 
be encountered. ) 


2. Maintain the injection requirements for each of 
the secondary recovery programs so as to realize the 
ultimate economics indicated by the reservoir study. 


3. Do not exceed the permissible working pressure 
of the gathering systems or compressors but still handle 
the total gas production of the field. 


4. Predict in advance the changes required in pro- 
ducing schedules and compressor cylinder sizing to 
maintain most efficient use of the gas plant throughout 
the life of the field. 


5. Meet the gas contractural obligations and indivi- 
dual lease requirements. 


6. Distribute gas-lift gas in such a way as to maxi- 
mize production from this system without overloading 
the plant. 


In the past, the conventional methods of analysis 
discussed earlier were used to maintain control of the 
over-all field operation. However, changing characteris- 
tics of the field have altered the basic plan of operation 
and have indicated that constant re-evaluation would 
be necessary to retain maximum economics on a day- 
to-day basis. Factors such as changing well and reser- 
voir pressures have necessitated redistributions of com- 
pressor horsepower capacity to make more efficient 
use of the plant. Increasing gas-oil ratios due to gas 
breakthrough have resulted in the overloading of some 
of the gathering systems and the underloading of others. 
Changing prices of crude and condensate have shifted 
the emphasis of production among the four major 
reservoirs. The addition of new wells and new oil 
reserves has changed the over-all operation of the field, 
and most important the variable supply-and-demand 
requirements of the connecting gas markets are ef- 
fecting the total amount of gas that can be produced 
to and handled by the central plant. 


Because all of these factors are interdependent, an 
excess Of engineering time was being required to main- 
tain control; this fact indicated that a more powerful, 
and certainly more efficient, method of studying the 
field would be needed. The desired control has been 
achieved through the combination of linear programing 
and high-speed computers. 


BASIC CALCULATION PHASE 


In applying the linear programing technique, it was 
necessary to express all of the relevant factors in terms 
of linear equalities and inequalities. Formulation of 
these relationships was the most critical and time-con- 
suming portion of the optimization study because every 
factor which has an influence on field operations must 
be included and must express the correct meaning. If 
one factor is Omitted or stated improperly, the entire 
study can be ineffective. Once the linear restraints and 
definitional relations properly express the field program, 
optimization analyses are performed routinely with 
only the addition of new field data. 
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Table 1 illustrates the basic linear equalities and in- 
equalities required for the field case study. Each rela- 
tionship defines or expresses the restrictions governing 
a group of field variables; although there are only eight 
relationships shown, the actual study involves more than 
100. To illustrate the meaning of these relationships, 
consider the following. 

Restriction 1 states that the daily production of any 
oil or gas-condensate well in the field must not exceed 
the well’s producing capacity. Well tests indicating the 
maximum producing capabilities in barrels per day 
are obtained from each well in the field. These tests 
are designed to express the economic maximum for 
each well so that operating difficulties will not be en- 
countered and reservoir damage will not occur from 
excessive production. 

Restrictions 2a through 2d pertain to the reservoir 
injection requirements for Zones A, B and C. These 
requirements were defined by separate reservoir studies 
to state the following. 

1. Gas injection into Zone A must equal 100 per 
cent of the reservoir withdrawals to obtain maximum 
oil recovery from this reservoir. 


2. An independently determined percentage of the 
total free gas produced from Zone B must be replaced 
to prevent gas-cap shrinkage and loss of recoverable 
oil. 

3. Injection into Zone C, the gas-condensate reser- 
voir, must be at least 5,000 Mcf/D to repressure and 
regain liquid lost from retrograde condensation. 

4. The total high-pressure gas available from the 


plant must be equal to or greater than the total injec- 
tion requirements of Zones A, B and C. 


TABLE 1—STATEMENT OF FIELD PROBLEMS FOR 
LINEAR PROGRAMING SOLUTION 


Ly] Field data or compressor data 
{ } Optimum value solved for 
1, Daily Production of Each Well: 
{Well production} < (Maximum well capability) STB/D 
2. Reservoir Injection Requirements—Mcf/D (Each Reservoir): 


Wp 
{a) & {Well production Zone A} [ : ali | 
BoBg \ 


ANp By 
= {Zone A injection} 
(b) = {Well production Zone B}[Rn — Rs]z [0.95] = {Zone B injection} 
(c) [5,000] < Zone C injection 
(d) {Zone A injection} + 
(Zone B injection) + [Zone C injection] 
< (2 optimum high-pressure-stage caputity) 
3. Optimum Low Compressor Stage Capacity: 
(a) 2 {Well production} (Low-pressure Rp) — 
[Lease fuel] + (Borrowed gas) 
= (Low-pressure gas handled by plant) 
(b) [£2 Maximum Mcf capacity of low stage of 800 hp + 660 hp ~ 
2(1,100 hp)] 
<= (Low-pressure gas handled by plant) 
4. Optimum Intermediate Compressor Stage Capacity: 
(a) (Well capacity) (Intermediate separator Rp) + 
(Total low-pressure gas) 
= (Intermediate-pressure gas handled by plant) 
(b) {Intermediate gas handled by plant} < [2 Maximum Mcf capacity of 
intermediate stage of 800 hp + 660 hp + 2(1,100 hp)] 
Be Optimum High-Pressure Compressor Stage Capacity: 
(a) = {Well capacity} (High pressure Rp) +{Total intermediate-pressure 
gas} — {Gas-lift gas} = {High-pressure gas handled by plant} 
(b) {High-pressure gas hand!ed by plant} < [Z Maximum Mcf capacity of 
high-pressure stage of 800 hp + 330 hp + 2(1,100 hp) 
6. Total Plant Capacity Horsepower (One for Each Compressor): 
(Optimum low-pressure gas volume) [hp/Mcf] + (Optimum intermediate- 
gas volume} 
[hp/Mcf] + {Optimum high-pressure gas volume} [hp/Mcf] < 
[Total compressor hp] 
7. Special Lease Requirements: 
{Well production} = (Maximum STB/D) 
8. Gas-lift Requirements—Mcf/D: 
& {Well production} (input GOR) < = {Well production} (Rp 2,000-psi 
separator) 


9. Fulfillment Vector: 
Net profit = = {Well production} [Net $/bbl worth of crude] 


(x) Well test data 
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, Restrictions 3a and 3b state that sufficient stage capa- 
city, must be available from the 800-, 660- and two 
1,100-hp compressors to handle the low-pressure field 
gas production minus lease fuel plus borrowed gas 
volumes. Restrictions 4 (a and b) and 5 (a and b) 
State similar relationships for the intermediate and high- 
Stage capacity. An average horsepower-per-thousand 
cubic feet factor was obtained for each of the 13 com- 
pressors and used in Restriction 6 to limit the capacity 
available from each individual stage within a given 
compressor. A restraint relationship of this form is 
written for each compressor and states that the volume 
of gas through the stage multiplied by the average 
horsepower-per-thousand cubic feet factor (total horse- 
power required for each pressure stage) must be equal 
to or less than the total horsepower capacity of the 
compressor. 


Restriction 7 illustrates the special lease require- 
ment that a given well be produced at maximum al- 
iowable, regardless of the effects of this well’s produc- 
tion on the optimized program. Restriction 8 pertains 
to limitations on the volume of the gas-lift gas available 
and states that the total field gas-lift requirements must 
be equal to or less than the 2,000-psi field gas produc- 
tion. 


The last relationship refers to the net profit, or the 
factor which is to be maximized. Because all produced 
gas is used in conducting the conservation pregrams, 
the production of gas has no value from a sales con- 
sideration; hence, gas does not contribute to the net 
profit. The lifting cost and royalty associated with each 
well are deducted from the oil value of that well to 
effect a net dollar-per-barrel worth of the specific crude. 
This factor, multiplied by the optimum production for 
each well, represents maximum daily profits for the 
field. 

It should be noted that all of the linear equalities 
or inequalities listed in Table 1 contain one or more 
of the field variables so that all factors are related 
through common restraint relationships. 

Once the basic relationships were properly stated, 
they were reduced to the form of a simplex matrix, as 
described in Ref. 1, and solved using the linear pro- 
graming technique and the high-speed computer. The 
results of the optimization analysis are in the form of 
the optimum (1) barrels-per-day producing schedule 
for every well in the field, (2) clearance settings for 
each stage of compression, (3) produced gas volume 
into each gathering system, (4) gas-injection require- 
ments for Zones A, B and C, (5) volume of gas to 
be handled by each compressor, (6) gathering-system 
pressure for each well, (7) volume of gas required 
for the gas lift system and (8) maximum daily profits 
resulting from the calculated producing schedule. 


BASIC DATA REQUIREMENTS 


The basic data required to conduct a linear program 
analysis consist primarily of the following. 

1. The well test showing gas-oil ratio and maximum 
stock-tank barrels of oil production for each well in 
the field. 

2. The voidage replacement for each of the reser- 
voirs in fraction of total withdrawals for Zones A and 
B and minimum injection volume for Zone C. 

3. The available compressor horsepower in terms of 
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the number of compressors and maximum capacity of 
each stage of the compressors (compressor curves of 
thousand cubic feet per day vs horsepower). 


4. The upper and lower limits on the volume of 
borrowed gas, the proposed disposition of this gas and 
its properties in terms of standard thousand cubic feet 
per barrel of reservcir voidage. Volumetric demands for 
return of borrowed gas also must be entered into the 
program. 

The last category pertaining to basic data input for 
the optimization program is concerned with the flow 
diagram covering the compressor plant. Fig. 2 illus- 
trates the gathering systems, the common manifolding 
among compressors and the flexibility available at the 
plant. This diagram is used as the basis for determining 
the available compressor horsepower for each of the 
gathering systems and for determining the gas available 
for injection into each of the three major reservoirs. 

It should be noted that estimates of the producing 
capabilities of shut-in wells are included in the optimi- 
zation program. Although the high gas-oil ratio or the 
apparent inefficiency of shut-in wells may indicate that 
it would be uneconomical to produce them, all pro- 
ducing possibilities should be included under a com- 
plete optimization study for the purpose of determining 
otherwise-unnoted avenues for improving operations. 


FUTURE; ANALYSES 


The linear programing calculation used for the field 
case study is designed to be run on a frequent and 
routine basis so that maximum control can be main- 
tained over producing operations. Future analyses will 
include new field variables such as condensate yields 
from contemplated gas-processing facilities, blending 
of the crude oil and condensate, and the effects of 
deferred income. The only data that will be required 
are maximum well tests conducted periodically for each 
of the wells, the addition of new wells as they are 
acquired and the varying supply-and-return require- 
ments of the gas company. 


CONCLUSIONS 


The foregoing field case study is just one example 
of a new application of linear programing and optimi- 
zation. As far as the oil industry is concerned, the 
technique has been used for several years in refining 
and transportation studies such as gasoline blending 
and product shipping. The calculation is also being ex- 
tended into the areas of (1) optimum field development 
programs and (2) determining in advance the effect 
that unpredictable factors such as crude price, produc- 
ing days and future markets will have on a given 
operation. These effects can be determined quickly and 
efficiently by selecting a range for each factor and eval- 
uating its effect on the over-all program. 

During the 12 months the example field has been 
studied, four machine runs have been made to deter- 
mine optimized conditions. Initially, several significant 
changes were indicated in compressor stage settings. 
However, subsequent changes in field conditions have 
been somewhat gradual, and calculated optimum con- 
ditions have paralleled field conditions. Using the IBM 
705 computer, a total field study can be performed 
in 1% hours; thus, a significant amount of engineering 
time can be made available by virtue of the efficiency 
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FIG. 2— SIMPLIFIED FLOW DIAGRAM OF CENTRAL COMPRESSOR STATION. 
(CSGH = Casinghead and G.W. = Gas Well.) 


of the computer study. As the secondary recovery pro- 
grams progress, the optimized course will become less 
readily discernible because relevant factors will vary 
to a greater degree, and material improvements in pro- 
ducing capacity should accrue. Further, there is as- 
surance that the need for major equipment revisions 
will be recognized in time to realize their full benefit. 

Based on the favorable results obtained from the 
field case study, it is concluded that a field problem of 
this type can be reduced to a series of linear relation- 
ships without seriously reducing accuracy. This tech- 


B86 


nique is being applied in other areas for the solution 
of a large multi-well gas gathering and deliverability 
problem, and initial results also appear favorable. In 
fields where producing capacity is being controlled pri- 
marily by regulatory bodies, optimization routines 
should be used to minimize operating and lifting costs 
and, thereby to miximize net profits. 
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Constant-Pressure Gas Porosimeter 
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ABSTRACT 


A method and apparatus for measuring gas porosi- 
ties of rocks are described. The apparatus can be as- 
sembled from commercially available components. In 
principle, measurements are made by volume substitu- 
tion at constant pressure. The maximum error is not 
more than 0.3 porosity per cent. Typical results are 
given. 


INTRODUCTION 


Determining the porosity of rock samples is one of 
the most important and yet most varied types of meas- 
urement in core analysis. Among the many techniques 
devised are the so-called “gas porosity” methods. An 
old and well known example is the Washburn-Bunting 
method.’ The U. S. Bureau of Mines** described and 
later improved the apparatus for a now widely used 
method generally known as the “Boyle’s law” method. 


In the present form of the Washburn-Bunting meth- 
od,” the volume of air in the pores of a rock sample at 
atmospheric pressure is extracted and then collected in a 
graduated burette at atmospheric pressure. The volume 
of air is read directly as the pore volume of the sample. 
The absolute error in reading the collected volume of 
gas is independent of the total volume; thus, the rela- 
tive error is larger when the volume is small, as it 
is for rocks of low porosity. In addition, the sample 
after measurement contains mercury, which limits its 
use for Other analyses. 


The Bureau of Mines (or Boyle’s law) method 
measures directly the solids volume of a sample from 
which the pore volume and porosity are derived, using 
a separate measurement of the bulk volume. Gas at 
a few atmospheres pressure is introduced into a sample 
chamber of known volume containing the rock sample. 
The pressure is accurately measured, Following, the 
gas is expanded into a burette at 1 atm, and the gas 
volume is read directly. From the initial pressure p, 
and the final pressure p, and volume v., the initial gas 
volume v, is calculated using Boyle’s law; that is, 
D1”; = P2v2 Volume v, minus the volume of the empty 
sample chamber is the solids volume of the sample. 
The accuracy of the method is limited, unless correc- 
tions are made, by deviations of the gas from the “ideal” 
gas-law behavior assumed in the simple form of Boyle’s 
law. 
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office July 138, 1959. Revised manuscript received Nov. 14, 1960. 


1Refererces given at end of paper. 
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The purpose of the present paper is to describe a 
method for measuring the gas porosity of a rock which 
avoids many of these difficulties. Gas volumes are meas- 
ured directly with the same accuracy as the bulk vol- 
umes, Pressures of at least an order of magnitude 
larger than those of previous methods are employed 
to insure rapid penetration of the gas into the sample. 
While special equipment may be built to apply the 
method, the porosimeter may be constructed as well 
from commercially available components. For sim- 
plicity, the apparatus described will be referred to as the 
“Constant-Pressure gas porosimeter”’. 


THE CONSTANT-PRESSURE METHOD 


Fig. 1 shows schematically the arrangement of com- 
ponents comprising the present Constant-Pressure por- 
osimeter. Briefly, the method is one of volume substitu- 
tion and may be considered a nul] measurement. 


Omitting (for the present) some of the operational 
details, the method of measurement consists of the 
following three steps. 


1. After evacuation, the volume of the measuring 
system (a ballast chamber, a manifold, two gauges and 
their connections) up to the sample chamber is filled 
with gas to a high pressure (~ 1,000 psi). A sample 
of the gas at this pressure is trapped in one side of a 
sensitive differential pressure gauge to serve as the 
reference pressure for subsequent steps. 


2. The evacuated sample chamber containing the rock 
sample is opened to the measuring system. As the gas 
expands into the chamber, the resulting decrease in 
pressure unbalances the differential pressure gauge. 


3. The pressure is restored by means of a mercury 
volumetric pump. The volume of mercury injected 
exactly equals the free or void vclume of the sample 
chamber (volume of empty chamber minus the solids 
volume of the rock within). From the injected volume 
and the known empty chamber volume, the solids vol- 
ume is obtained and the porosity calculated. 


The pressure and the volume occupied by the gas 
are the same before and after opening the sample 
chamber. Expansion and compression of the gas are 
incidental operations and do not enter into the cal- 
culation of porosity. By the pressure balancing or null- 
ing, the free volume of the sample chamber is merely 
substituted by an equal and measured volume of mer- 
cury. Since the measurements are at constant pressure, 
there are no compressibility corrections necessary for 
the sample chamber. 
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FIG. \—SCHEMATIC REPRESENTATION OF THE CONSTANT-PRESURE GAS POROSITY METHOD. 


DETAILS OF THE CONSTANT-PRESSURE 
POROSIMETER CONSTRUCTION* 


The porosimeter presently being used (Fig. 2) utilizes 
& mercury capillary-pressure apparatus for all of the 
assembly of Fig. 1 to the right of Valve C. The differen- 
tial gauge is a diaphragm differential pressure indicator. 
For the sample chamber, the sub-assembly of a mercury 
porometer or pycnometer assembly is used. Valve F is 
an integral part of this unit. All connections except 
two are made with swaged stainless-steel fittings and 
¥g-in. OD stainless-steel capillary tubing. The con- 
nectors at the left of Valve C and between Valve E 
and the sample chamber are quick-disconnect O-ring 
types. The connection at Valve C must be broken to 
open the ballast chamber for measuring bulk volumes 
(described later). Valves C, D and E are stainless-steel 
toggle valves. Valve C is not necessary for porosity 
measurements; it is incorporated solely to permit the 
continued use of the apparatus for measuring capillary 


pressures. 


OPERATION OF THE POROSIMETER 


The rock sample is placed in the sample chamber 
and the system is evacuated to a static 20 to 30 w of 
mercury pressure with Valves F and A closed. The 
sample chamber is isolated by closing Valve E. Then 
Vacuum Valve B is closed, Valve A opened and the 
manifold, ballast chamber and gauges are pressurized 
to about 1,000 psi with argon from the gas cylinder 
(the exact value of this pressure is not important). The 
mercury level is then placed at the lower index of the 
ballast chamber by adjusting the mercury volumetric 
pump, and the volume scale of the pump is set to zero. 
The system is now isolated from the gas cylinder by 
closing Valve A. A sample of the existing pressure 
is “captured” in one side of the differential pressure 
gauge by closing Valve D. Care must be taken that the 
gauge does not become unbalanced due to the slight 
compression when the valve is closed. 


*Specific manufacturer names and component catalog numbers 
can be obtained from the author. 
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Valve E is opened and the gas in the measure system 
is allowed to expand into the sample chamber and 
sample pores. There is an accompanying decrease in 
pressure and an unbalance of the differential gauge. 
The mercury level in the ballast chamber is raised by 
means of the volumetric pump until the differential 
gauge is again balanced to indicate that the original 
pressure has been restored. The volume of mercury 
injected is read directly on the scale of the pump and 
is equal to the total volume added to the system on 
opening Valve E. 

The same sequence of operations is repeated with 
the sample chamber empty. The difference between 
the volumes of the chamber with and without the 
rock sample is the solids volume of the sample. 


With the system now open to the atmosphere, the 
volume of mercury necessary to raise its level from 
the lower to the upper index of the ballast chamber is 
measured. The measurement is repeated with the sample 
in the ballast chamber. The difference between the two 
volume measurements is the bulk volume of the sample. 


From the solids volume Vx, and the bulk volume Vp, 
the porosity is calculated, 
Vs 


MEASUREMENT PRECISION 


The smallest division of the volume scale on the 
volumetric pump is .01 cc. Since this division is about 
¥g-in. long, the volume could be estimated to at least 
one fourth of a division, or .0025 cc. 

Although the differential gauge has contact screws 
graduated for pressure measurement, it is used solely 
as a null device. Changes as small as 0.1 psi at 2,000 
psi can be determined. To make the gauge less sensi- 
tive to vibrations and valve operations, however, the 
contacts are opened slightly. For this reason it becomes 
the least-precise measurement, and volume readings are 
not better than .01 cc. 


Of the two chambers, the ballast chamber has the 
smaller diameter, 2.5 cm, and the sample chamber has 
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the shorter height, 3.5 cm. These measurements limit 
the maximum sample size. The sample should fill as 
much as possible of the space of the sample chamber 
in order that the solids volume is not a small difference 
of two large numbers, Also, the empty volume of the 
sample chamber must be smaller than that of the ballast 
chamber between the two indexes because the latter 
must accept a volume of mercury at least equal to 
that of the sample chamber. A stainless-steel sleeve 
was fitted into the sample chamber to accept cylindrical 
rock samples 2 cm in diameter. A solid metal tare is 
added when the sample is much shorter than the length 
of the chamber. 


Argon is used in preference to nitrogen to decrease 
the effect of gas adsorption on the sample. Helium 
would serve as well. No corrections are made for 
temperature changes. The mass of the metal parts is 
large, and the time necessary for recompression with 
the pump is sufficiently long for proper temperature 
equilibration. 


The total gas volume of the porosimeter at null is 
about 100 cc, which at 1,000 psi gives a volume-to- 
pressure ratio of 0.1 cc/psi. If a pressure null error 
of 0.1 psi is made in each of the two determinations 
for the solids volume, the maximum possible error in 


TABLE 1 — COMPARISON OF POROSITY PER CENT VALUES BY THE 
CONSTANT-PRESSURE METHOD WITH THOSE BY OTHER METHODS 


Constant-Pressure Method Water 
Nitrogen Density Impregnation 


Sample Description Argon 


vermont Marble 

No 

No. 2 
Carthage Marble 

No. 1 

No. 2 
Shaly Chert 
Ferruginous 

Shaly Sandstone 

Berea Sandstone 

No. 1 

No, 2 
Siliceous Shale 


4.1 


_ 
NRO a- 


‘0 
11 | 
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FIG. 2—CONSTANT-PRESSURE POROSIMETER ASSEMBLED. 


SAMPLE 
CHAMBER 


Vs is .02 cc. In the measurement of bulk volume Vz, 
the repeatability of the ballast chamber volume is .005 
cc, resulting in a possible error in V,; of .01 cc. The 
largest error possible in (Vz — Vg) is then .03 cc. 
The magnitude of the resulting error in porosity is 
inversely proportional to V, (for Vz»8V,;), but for the 
largest sample size of 11 cc for the described apparatus 
the maximum error is not more than 0.3 porosity per 
cent. 


TYPICAL RESULTS 


Table 1 shows some typical measurements of porosity 
with the present system. The values are compared with 
those obtained from bulk and grain densities and 
vacuum impregnation with water. Values range from 
2 to 47 per cent, and the samples include clean and 
shaly sands and carbonates. Gas porosities by the 
present method are shown slightly higher than water 
impregnation values, but they agree well with density 
values. 


Argon gas values are generally lower than nitrogen 
values, but the differences are not important except in 
the low porosity ranges. 
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A Seale-Model Study of Bottom-Water Drives 


JUNIOR MEMBER AIME 


ABSTRACT 


The oil recovery performance of 
systems producing entirely by bot- 
tom-water encroachment has been 
experimentally determined in a series 
of scaled laboratory-model tests. The 
effects of well spacing, fluid mobili- 
ties, rate of production, capillary and 
gravity forces, well penetration and 
well completion techniques on the oil 
recovery performance have been in- 
vestigated. The laboratory tests were 
performed using two uniform, un- 
consolidated sand-pack models. The 
models have ratios of the interwell 
distance to the formation thickness 
of 12 and 2, respectively. Tests at 
constant total fluid production rate 
were performed simulating a range 
of uniform reservoir characteristics 
and operating conditions encountered 
in field operations. The performance 
was determined by material balance 
and by observation of the encroach- 
ment of dyed fluids into the models. 
The results of the model tests agreed 
with those obtained mathematically 
when the conditions previously con- 
sidered in theoretical studies were 
simulated, that is; when the oil and 
water are of equal density and no 
capillary forces exist. 


The model study of bottom-water 
drive indicated that certain variables 
can affect the oil recovery perform- 
ance to a greater degree than can be 
predicted by present analytical meth- 
ods. In one comparison, the oil re- 
covery at a water-oil ratio of 20 (ob- 
tained at a wide well spacing) varied 
as much as threefold, depending upon 
the system’s properties and the pro- 
duction rate. Lesser effect of mobility 


Original manuscript received in Society of 
Petroleum Engineers office July 13, 1960. Re- 
vised manuscript received Nov. 14, 1960. 
Paper presented at 35th Annual Fall Meeting 
of SPE, Oct. 2-5, 1960 in Denver. 


90 


D. H, HENLEY 


W. W. OWENS 
F. F. CRAIG, JR. 
MEMBERS AIME 


TULSA, OKLA. 


ratio and no effect of capillary forces 
over the range studied were observed. 
The test results also showed that the 
deeper the well penetration into the 
oil column, the greater the total water 
production to a producing WOR of 
20. However, the ultimate sweep 
efficiency, and so the oil recovery to 
this level of WOR, did not vary sig- 
nificantly with well penetration. Hor- 
izontal fractures at the top of the 
formation did not significantly change 
the sweep characteristics of the res- 
ervoir models when values of radius 
and fracture capacity encountered in 
actual reservoirs were used. Imper- 
meable pancakes at the bottom of 
the well moderately increased the 
oil recovery efficiency both at water 
breakthrough and at high water-oil 
ratios. A method is outlined by 
which the oil recovery performance 
of other uniform bottom-water drive 
systems can be estimated from the in- 
formation obtained in these model 
tests. 


INTRODUCTION 


When oil is produced from a well 
which partially penetrates an oil zone 
completely underlain by water, the 
water rises directly beneath the well 
in a symmetrical cone when the sys- 
tem is uniform. Two different flow 
mechanisms can cause the water cone 
to form—coning and bottom-water 
drive. In coning, the aquifer is rela- 
tively inactive and the cone is formed 
beneath the well by the pressure 
gradients associated with the oil flow 
to the well. The oil can be produced 
by a solution-gas drive, an edge- 
water drive or other driving forces 
in the interwell area. In a bottom- 
water drive, the driving force for 
oil production comes from an up- 
ward encroachment of the underlying 
active aquifer. 
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Two papers have analyzed the 
theoretical performance characteris- 
tics of bottom-water drive reservoirs. 
In the initial mathematical investi- 
gation, Muskat’ established the equa- 
tions which determine the pressure 
distribution in this type of reservoir 
and solved these equations for cer- 
tain conditions. Specifically, it was 
assumed that the water and oil had 
equal mobilities and equal densities, 
there were no capillary forces, the 
pressure throughout the oil zone re- 
mained above the bubble-point pres- 
sure, a constant pressure existed at 
the initial water-oil contact and the 
oil was completely displaced by the 
encroaching water. These assump- 
tions were used in obtaining analy- 
tical solutions. In general, Muskat 
found that the sweep efficiency to 
initial water breakthrough to the 
well was larger for the thicker oil 
zones, the closer well spacings, the 
lower ratios of vertical to horizontal 
permeabilities, the smaller the pene- 
tration of the well into the oil zone 
and the smaller the bore size of the 
well. The production history after 
water breakthrough was expressed 
as a volumetric sweep efficiency at 
a given producing water-oil ratio. 
The results indicated that cumula- 
tive oil production at producing 
water-oil ratios of 10 is less affected 
by the well spacing than is the water- 
free production history. Muskat 
studied well spacing which today 
would be regarded as close. The max- 
imum value of his dimensionless well 
spacing (ratio Of interwell distance 
to formation thickness) was 4.5. This 
would require the development of a 
50-ft-thick oil sand on less than 10- 
acre spacing if the vertical and hori- 
zontal permeabilities were equal, with 


‘References given at end of paper. 
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wider well spacing being simulated 
if the vertical permeability is less 
than the horizontal. 


Hutchinson and Kemp’ extended 
the mathematical methods of Mus- 
kat to include wider well spacings 
and added approximations to include 
the effect of gravity forces and non- 
unity mobility ratios. In their study, 
capillary forces were neglected. Mo- 
bility ratio was shown to influence 
the sweep efficiency at high produc- 
ing water-oil ratios to a varying de- 
gree, depending on the well spacing 
studied. A maximum increase in the 
sweep efficiency of 40 per cent of 
the reservoir volume was found when 
the interwell distance was six times 
the formation thickness for mobility- 
ratio decreases from 2 to 0.33. They 
further concluded that gravity forces 
can affect the performance, but in 
most cases any significant improve- 
ment due to gravity effects will be 
realizable only at very low rates of 
oil production. 


The results reported here were ob- 
tained from tests in scaled reservoir 
models in which several of the vari- 
ables which were either not included 
Or approximated in previous math- 
ematical investigations can demon- 
strate their effect upon the perform- 
ance. Non-zero fluid density differ- 
ence, non-unity mobility ratios and 
the effect of capillary forces were 
evaluated at a wide and at a close 
well-spacing value for several de- 
grees of well penetration into the 
oil zone. 


MODEL SCALING METHODS 


The use of dimensional and inspec- 
tional analysis to obtain physical and 
dynamic dimensionless groups which 
interrelate variables pertinent to fluid 
flow in porous media has received 
sufficient attention in the literature 
in recent years to obviate repeating 
the methods here.’ It is desirable, 
however, to list the specific groups 
of variables which should control 
performance of bottom-water drive 
reservoirs. Inspectional analysis in- 
dicates the required inclusion of the 
geometric and dynamic parameters 
listed in Table 1. 


Accepted model-scaling techniques 
require that the dimensionless groups 
listed in Table 1 be the same in the 
model and the prototype simulated. 
{nherent in the foregoing is the re- 
quirement that the relative-permea- 
bility and capillary-pressure curves be 
congruent functions of saturation in 
the model and reservoir. In general, 
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TABLE 1 — BOTTOM-WATER DRIVE SCALING PARAMETERS 


_ Geometrical Parameters 


Possible Practical Range 


This Investigation 


Dimensionless Well Spacing 
a ko 


OD kn 
Dimensionless Well Radius 
rwD = 
h kn 
Dimensionless Well Penetration 
b 
bp = h 
Rock- and Fluid-Property Parameters 
Mobility Ratio 


Cumulative-Production Parameter 
= ~ Sor - Swi) 
= 
A 
Dynamic Parameters 


t 


Gravity-to-Viscous Force Ratio 
kg Ap A 
= 
q 
Capillary-to-Gravity Force Ratio 
cos 


Vkg Ap h 


2.0 to 20.0 


8x 


2.0 to 12.0 


1.6 x 10-3 to 6.4 X 10-3 


0 to 1.0 
0.1 to 10.0 0.1 to 10.0 
Unity Unity 
0 to 1,000 0.05 to 123 
0 to 15 0 to 22 


reservoir models which are composed 
of unconsolidated sand will have rel- 
ative-permeability and capillary-pres- 
sure curves different in shape and 
saturation range from most consoli- 
dated reservoir rock. However, these 
factors will affect the performance of 
models through their influence on the 
mobility ratio and the length and 
saturation distribution of the water- 
oil transition zone. Since for some 
types of reservoir flow behavior the 
performance in terms of the sweep 
efficiency has been shown to be de- 
pendent only on the mobility ratio, 
the difference in the relative permea- 
bility characteristics in model and 
prototype can be neglected so long 
as the mobility ratio is properly de- 
fined.* Frontal-drive calculations for 
the vertical flow of water into a pre- 
ferentially water-wet reservoir have 
shown that over a wide range of 
rock and fluid characteristics the 
saturation of oil after passage of the 
stabilized transition zone is very 
close to the residual oil saturation. 
In calculating the mobility ratio, 
therefore, the relative permeabilities 
to oil in the unflooded region and to 
water after passage Of the transition 
zone should be used. These calcula- 
tions further indicate that the stabi- 
lized length of the transition zone 
existing at vertical flow rates of 1.0 
to 0.001 ft/D will be, in many in- 
stances, less than 10 per cent of the 
length of the static transition zone. 


RESERVOIR MODELS 


Two models were used to obtain 
the experimental information in this 
investigation. Each of the models 
represented a portion of the reservoir 


which surrounds a single well. Since 
the water invasion profiles at any well 
generally possess axial symmetry, the 
performance of a segment of any 
well yields information representa- 
tive of the entire field if uniform 
well spacing and reservoir thickness 
exist. The models represented two 
values of the ratio of the interwell 
distance to the oil-zone thickness— 
2 and 12. The model simulating the 
closer well spacing was triangular 
and represented one-eighth of a 
square well-spacing pattern with a 
thickness of 12 in. and a drainage 
radius of 13.6 in. The model simula- 
ting the wide well spacing was a 
pie-shaped segment representing 1/24 
of the drainage volume of a well 
with a thickness of 8.85 in. and a 
drainage radius of 60 in. A photo- 
graph of both models is shown in 
Fig. 1. Unconsolidated sand packs 
retained on sheets of artificially con- 
solidated porous media served as 
bodies of the models. The bottom 
retaining sheet rested upon open 
channels which provided the means 
of maintaining a constant pressure 
over the entire bottom surface of the 
sand bodies. The sand packs used 
ranged from 30 to 250 darcies in per- 
meability. Wells represented by slots 
0.015-in. wide located at the corner 
of the models were installed to pene- 
trate various depths into the sand 
packs. The sides of the models were 
made of Lucite which permitted both 
visual observation of the shape and 
location of the water-oil contact in 
the sand bodies and inspection of the 
sand-pack condition. The models 
were packed using vibration and 
flowing slurry techniques. A Neo- 
prene sheet pressured from the out- 
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side was used to maintain a tight 
seal across the top surface of the 
sand. 


TEST METHODS AND 
INTERPRETATION 


Tests on these models were con- 
ducted at constant injection and pro- 
duction rates. The aquifers or void 
spaces below the porous retaining 
sheets at the bottom of the sand- 
packed bodies were filled with the 
fluid, simulating the encroaching wa- 
ter, and the test started using a con- 
stant-rate injection pump. The vol- 
ume of reservoir contacted by the 
invading front was determined by 
material balance for the tests where 
the fluids were miscible (100 per 
cent displacement) and by profile 
analysis and/or per cent of total re- 
coverable oil for the immiscible 
fluid tests. In this way the volume 
contacted (that is, the volumetric 
sweep efficiency) was determined and 
related to other pertinent variables 
such as the producing water-oil ratio. 

Various oil and water solutions 
were used to obtain the combination 
of fluid properties desired for a par- 
ticular test. Additives used were bar- 
ium bromide or chlorothene as 
weighting agents, ammonium chlo- 
ride to alter the refractive index and 
glycerin or mineral oil to increase 
the viscosity, Interfacial tension be- 
tween oil and water solutions were 
reduced in some cases by the addi- 
tion of alcohol to both phases. 

All tests using water and oil were 
made with a simulated connate or ir- 
reducible water saturation present in 
the model. This saturation was 
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FIG. 1 — RESERVOIR MODELS. 


achieved by initially saturating a dry 
sand pack with the desired water and 
then displacing this water with the 
desired oil phase. In this manner an 
immobile or irreducible saturation 
exists which renders the sand pack 
spontaneously water-wet to the water 
encroaching during the test. 

Production streams from the 
models were analyzed by refractive 
index in the case of miscible fluid 
tests and by graphical differentiation 
of cumulative-production curves for 
the immiscible fluid tests. 


EXPERIMENTAL RESULTS 
AND DISCUSSION 


THE WELL-SPACING 
PARAMETER 


The discussion of model scaling 
methods indicated the relationship 
between the well spacing, formation 
thickness and the vertical-to-horizon- 
tal permeability ratio which specifies 
the dimensionless well-spacing para- 
meter a. The results of the experi- 
mental variation of this well-spacing 
parameter indicate that the perform- 
ance of the models generally agreed 
with the theoretical performance cal- 
culated by Muskat and by Hutchin- 
son and Kemp, as the experimental 
conditions approached the conditions 
assumed in the calculations. Thus, 
in tests with miscible fluids, effective 
density difference approaching zero 
and a specified mobility ratio, the 
performance of the models ap- 
proaches the theoretical performance. 
Fig. 2 shows results obtained from 
the close well-spacing model in which 
the gravity-to-viscous force ratio R, 
was successively decreased. The 


models were not designed to permit 
experimental operation with zero 
density difference, but the compati- 
bility of the results with the theore- 
tical ones at low density difference 
and at high flow rate is apparent. 
Similar results were obtained in the 
wide well-spacing model. These ex- 
perimental results confirm the the- 
oretical indication of the role of well 
spacing in the expected recoveries 
from bottom-water drive reservoirs. 


RATE AND GRAVITY 

The term interrelating the viscous 
and gravitational forces specified by 
the dimensionless ratio R; was used 
to study the effect of production rate 
on the performance of the models. 
The discussion of the effect of this 
term will be divided into its effect on 
the breakthrough sweep efficiency 
and on the after-breakthrough per- 
formance. 


Fig. 3 shows the results of a num- 
ber of tests in the model in which 
the interwell distance was twice the 
formation thickness. In all these tests, 
the well penetrated 25 per cent of 
the formation thickness. Tests at four 
mobility ratios (M) over a wide range 
of flow rates show the effect of these 
variables on the sweep efficiency of 
the reservoir at the time of initial 
water breakthrough. Higher sweep 
efficiencies at lower mobility ratios 
and lower rates are much as intuitive- 
ly expected. The data at a mobility 
ratio of one can be observed to ap- 
proach the theoretical value obtained 
by Muskat as the term R,; approaches 
zero. The effect of rate appears to 
be greater for the higher mobility 
ratios. This is due to the increased 
tendency of the cone to cusp into 
the well at the unfavorable mobili- 
ties. A greater than twofold increase 
in oil recovery over the range of 
gravity-to-viscous force ratios studied 
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VOLUMETRIC SWEEP EFFICIENCY-PERGENT 


FIG. 2—BOTTOM-WATER DRIVE 
PERFORMANCE FOR CLOSE WELL 
SPACING, EXPERIMENTAL 
AND CALCULATED. 
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was observed for the tests at a mobil- 
ity ratio of two, with lesser increases 
over the same R; range as the mobil- 
ity ratio used was more favorable. 


The experimental results obtained 
from the wider well-spacing model 
with a 12:1 ratio of interwell dis- 
tance to reservoir thickness did not 
exhibit the rate sensitivity on a per- 
centage basis observed in the small- 
er model. The breakthrough sweep 
efficiency observed in all tests using 
the model having an interwell dis- 
tance equal to 12 times the forma- 
tion thickness was less than 1 per 
cent of the reservoir volume. The 
breakthrough sweep efficiency for 
this model can be found as that 
sweep efficiency at a water-oil ratio 
of zero on the several after-break- 
through performance curves shown 
throughout the paper. The absolute 
size and shape of the water-oil con- 
tact at water breakthrough was about 
the same in both models. For the 
same formation thickness, however, 
the reservoir volume drained by a 
well having a_ spacing-to-thickness 
ratio of 12 is 36 times that drained 
by a well having a spacing-to-thick- 
ness ratio of two. At water break- 
through, therefore, a volumetric 
sweep efficiency of 20 per cent in 
the smaller system would be equiva- 
lent to a sweep of less than 1 per 
cent in the larger system. No attempt 
was made to interrelate the effect 
of rate changes in the two models 
because sweep efficiency differences 
of less than 1 per cent in the large 
model were difficult to measure. 

Fig. 4 shows the improvement in 
sweep efficiency which resulted in the 
wide well-spacing model from gravity 
forces and a favorable mobility ratio 
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such as might normally be expected 
in bottom-water drives. At a mobility 
ratio of 0.5 and R,; value of 123, 
an increase in the volumetric sweep 
efficiency from 23 to 86 per cent at 
a producing water-oil ratio of 20 
resulted from the effect of gravita- 
tional forces on the invading water 
front. A prototype synthesized to 
match the conditions of the model 
test of Fig. 4 is shown in the legend 
of the figure. This prototype has 
properties that are within the range 
of those encountered in actual reser- 
voirs and illustrates the favorable 
role of gravity in increasing the oil 
recovery in these systems. The higher 
sweep efficiency due to the inclusion 
of gravity effects would result in a 
higher oil recovery of over 1 million 
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FIG. 4—BOTTOM-WATER DRIVE 
PERFORMANCE FOR WIDE WELL 
SPACING, EFFECT OF PRODUC- 
TION RATE 


bbl/well for the prototype of Fig, 4. 
These results show that gravity ef- 
fects must be considered in estimat- 
ing oil recovery because they can 
be a major influence on performance. 


MOBILITY RATIO 

The effect of lower mobility ratios 
for equal values of the gravity-to-vis- 
cous scaling term is shown in Fig. 
5. For the wider well spacing, the 
increase in sweep efliciency as the 
mobility ratio decreased from 1.0 to 
0.5 was found to be a higher per- 
centage increase than was observed 
in the tests where the mobility ratio 
decreased from 2.0 to 1.0. Mobility 
ratios normally encountered in nat- 
urally water-driven fields generally 
will be less than unity. A wider 
range of mobilities was investigated 
in the close well-spacing model. De- 
creasing the mobility ratio by a 
hundred-fold increased the break- 
through sweep efficiency from 18 to 
43 per cent. In these tests, the dif- 
ference in the sweep efficiency ob- 
served at breakthrough for the dif- 
ferent mobility ratios was observed 
to remain about the same percentage 
difference during the water-oil pro- 
duction period. This is noticeably 
different than the behavior observed 
in the wider-spacing model where 
differences in the breakthrough sweep 
efficiency of less than 1 per cent 
increased after breakthrough to as 
much as 20 per cent of the reservoir 
volume. As in other patterns of 
water encroachment toward wells, 
the more efficient oil recovery per- 
formance is obtained at lower values 
of the mobility ratio. 


WELL PENETRATION 

Well penetration into the oil zone 
of a bottom-water drive reservoir is 
commonly expressed as a fraction of 
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FIG. 5—BOTTOM-WATER DRIVE 
PERFORMANCE FOR WIDE AND 
CLOSE WELL SPACING, EFFECT 

OF MOBILITY RATIO 
AND RATE. 
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of this variable was studied in both 
the wide and close well-spacing 
models, Fig. 6 shows the results of 
a pair of experimental tests in which 
the well first penetrated 25 per cent 
of the formation and a correspond- 
ing test in which the penetration was 
100 per cent, which is the same as 
drilling and completing the well com- 
pletely through the oil zone to the 
aquifer. In these tests, the difference 
in sweep efficiency at water break- 
through was 35 per cent of the res- 
ervoir volume. However, by the time 
a water-oil ratio of 11 was reached, 
the difference in sweep efficiency had 
decreased to less than four per cent. 
These results show that the ultimate 
recovery to producing water-oil ra- 
tios of about 20 does not depend 
upon the well penetration, although 
the volume of water produced to re- 
cover the oil increases with increas- 
ing well penetration. These test re- 
sults further suggest that wells be 
completed over a sufficient fraction 
of the formation thickness to obtain 
the desired well productivity. Muskat* 
has shown the variation in well pro- 
ductivity for various degrees of well 
penetration. 


CAPILLARY FORCES 

The effect of capillary forces on 
the production performance of bot- 
tom-water drive reservoirs has been 
investigated to a limited degree. The 
breakthrough sweep efficiencies of 
two immiscible tests are shown on 
Fig. 3. Fig. 7 shows a comparison of 
miscible and immiscible after-break- 
through performance curves in the 
closer-spacing model. These tests in- 
dicated no difference in performance 
from initial water breakthrough to 
a producing water-oil ratio of 10. 
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FIG. 6—BOTTOM-WATER DRIVE 
PERFORMANCE FOR CLOSE WELL 
SPACING, EFFECT OF WELL 
PENETRATION. 
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duced in these tests were different 
because in the miscible test there 
was a 100 per cent displacement of 
the in-place fluid in the portion of 
the model invaded, while an initial 
irreducible water and a residual oil 
saturation existed in the immiscible 
test. The sweep efficiency perform- 
ances, however, based on the per 
cent reservoir invaded were equal. 
The properties of the assumed proto- 
type shown on Fig. 7 are those of a 
typical water-wet formation, The fact 
that the sweep efficiency was not 
influenced greatly by these capillary 
forces in this test (and in a limited 
number of additional tests with capil- 
lary-to-gravity force ratios R, up to 
22) leads to the conclusion that over 
the range of conditions studied capil- 
lary forces do not affect the sweep 
efficiencies of bottom-water drive res- 
ervoirs. 


SPECIAL TESTS 

Several special tests were pet- 
formed to determine what effect cer- 
tain well treatments or production 
practices might have on the oil re- 
covery performance of bottom-water 
drive reservoirs. Fractures, imper- 
meable pancakes and _ intermittent 
production were evaluated with the 
models. 

Fig. 8 shows the results of model 
tests in which fractures were placed 
in the wide well-spacing model at the 
top of the productive interval. The 
test in which the fracture radius of 
25 per cent of the drainage radius 
of the formation and a flow capacity 
of four times the formation flow 
capacity indicated less than 2 per 
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FIG. 7—BOTTOM-WATER DRIVE 
PERFORMANCE FOR CLOSE 
WELL SPACING, EFFECT 
OF CAPILLARY 
FORCES. 


ast Til LUO SWEEP y. 
A fracture radius of 100 per cent of 
the drainage radius and capacity of 
7,500 times the formation capacity 
were used to obtain the 95 per cent 
recovery at a water-oil ratio of one 
shown on the extreme right of Fig. 
8. The first test indicates that many 
of the fractures which are produced 
today may not materially alter the 
sweep efficiency in a reservoir with 
bottom-water drive. The rate of pro- 
duction from wells in the reservoir 
can be greatly increased by fractur- 
ing, of course, but the sweep effici- 
ency may not be greatly improved. 
The second test shows the greatly 
improved sweep efficiency with might 
be realized by large increases in frac- 
ture capacity and radius. 

The close well-spacing model was 
used to evaluate the merit of plac- 
ing an impermeable cement pancake 
at the bottom of the producing inter- 
val in an attempt to retard the cusp- 
ing of water below the well. In the 
comparative tests shown in Fig. 9, 
a 7 per cent increase in the reservoir 
volume swept at water breakthrough 
was observed when an impermeable 
barrier with a radius of 25 per cent 
of the drainage radius of the model 
was placed immediately below the 
25 per cent penetrating well. This 
improvement at breakthrough re- 
mained throughout the two-phase 
production period of the experiment. 
The increase in oil recovery at any 
producing water-oil ratio observed 
here on the basis of the absolute 
quantity of oil produced should be 
nearly independent of well spacings 
for the same-size pancake; the pan- 
cake should affect only the reservoir 
volume relatively near the well. This 
volume of increased oil production as 
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FIG. 8—BOTTOM-WATER DRIVE 
PERFORMANCE FOR WIDE WELL 
SPACING, EFFECT OF HORI- 
ZONTAL FRACTURE AT 
TOP OF FORMATION. 
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FIG. 9—BOTTOM-WATER DRIVE 
PERFORMANCE FOR CLOSE WELL 
SPACING, EFFECT OF IMPERMEA- 
BLE PANCAKE AT BOTTOM OF PRO- 
DUCING, INTERVAL. 


a per cent of the total reservoir 
volume will be a much smaller im- 
provement at wider well spacings 
where the basis for sweep efficiency 
will be a larger total quantity of oil. 

To determine the effect that an 
intermittent production schedule 
might have on reservoir sweep ef- 
ficiency, two tests shown in Fig. 10 
were made. The constant-rate produc- 
tion test was performed in the same 
manner as the tests previously des- 
cribed. In the intermittent test, equal 
periods of production and shut-in 
were maintained, simulating produc- 
tion for 30 days followed by 30-day 
shut-in period. During the production 
period of the intermittent test, the 
flow rate was twice the flow rate 
during the constant production test 
so that the average rate in both tests 
over the total test time was the same. 
For the particular model configura- 
tion shown in Fig. 10, an increase 
of 12 per cent in reservoir volume 
swept was obtained by intermittent 
production to a producing water-oil 
ratio of 10. The improvement in 
sweep efficiency due to the inter- 
mittent flow condition appears to 
increase continually as higher water- 
oil ratios are reached. 

As shown in Fig. 4, the value of 
the term R,; (which includes flow 
rate) has a much greater effect on the 
after-breakthrough performance than 
on the sweep efficiency at water 
breakthrough. Furthermore, the vol- 
umetric sweep efficiency at any pro- 
ducing water-oil ratio does 
not vary linearly with the value of 
R,. Therefore, it is expected that with 
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FIG. 10 — BOTTOM-WATER DRIVE 
PERFORMANCE FOR WIDE WELL 
SPACING, EFFECT OF INTER- 
MITTENT FLOW. 


periods of intermittent production 
the recovery performance would not 
be identical to that with continuous 
production at the average rate. 


PERFORMANCE PREDICTION 


The desired end product of a study 
such as the one described in this 
paper is a method of predicting the 
performance of any system which is 
producing by bottom-water encroach- 
ment, As has been discussed in pre- 
vious paragraphs, many _ variables 
must be considered to completely 
describe all bottom-water drive sys- 
tems. As an aid to estimation of the 
performance of any system which 
might come under consideration, a 
method of interpolation of some of 
the more pertinent variables is pre- 
sented in the Appendix. This method 
will permit estimation of the per- 
formance as affected by well spac- 
ing, mobility ratio and production 
rate. The method was derived using 
the experimental variables presented 
in preceding sections, together with 
other experimental results and the 
theoretical results of Muskat and of 
Hutchinson and Kemp. This approxi- 
mate method is proposed for use 
until a more formal method is de- 
veloped. 

The invasion pattern during down- 
ward encroachment of gas from a 
gas cap is analogous to that during 
upward encroachment of bottom wa- 
ter. While this prediction method was 
developed primarily from bottom- 
water drive systems, it can be used 
to predict the well performance dur- 
ing gas-cap encroachment. 


CONCLUSIONS 


For the range of conditions studied, 
the following conclusions about the 
performance characteristics of uni- 


form bottom-water drive reservoirs 
have been reached. 


1. The experimental results con- 
firm previous mathematical work in 
showing that the ratio of the ef- 
fective interwell distance to the ef- 
fective oil-zone thickness is a factor 
of importance in determining the per 
cent of the available oil recovered 
to any given producing water-oil 
ratio. 


2. Gravity effects must be con- 
sidered in estimating oil recovery 
because they can be a major in- 
fluence on performance. 


3. As in other patterns of water 
encroachment toward wells, the more 
efficient oil recovery performance is 
obtained at lower values of mobility 
ratio. 


4. The ultimate recovery at water- 
oil ratios of about 20 will not depend 
on the well penetration at a unit 
mobility ratio, although the volume 
of water produced increases with in- 
creasing well penetration. 

5. Capillary forces do not affect 
the sweep efficiency of bottom-water 
drive reservoirs over the range of 
conditions studied. 

6. Extremely high-capacity, large 
radius fractures at the top of the 
productive zone can result in greatly 
improved sweep efficiencies. How- 
ever, fractures of the capacity and 
radius currently obtainable have little 
effect on over-all oil recovery. In 
another test an impermeable pancake 
at the bottom of the well moderately 
increased the oil recovery efficiency 
both at water breakthrough and at 
high water-oil ratios. 


NOMENCLATURE* 


a = interwell distance 
b = well penetration 
E,, = volumetric sweep efficiency 
= vertical permeability 
k, = horizontal permeability 
M, N = empirical constants 
R = dimensionless ratios 
6 = contact angle 


SUBSCRIPTS 
BT = breakthrough 
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APPENDIX 


RESERVOIR PERFORMANCE 
PREDICTION 


DIMENSIONLESS WELL 
SPACING PARAMETER 

Both theory and experimentation 
have shown the wide variation in 
reservoir sweep efficiency which can 
result from various well spacings for 
a given thickness of reservoir. The 
importance of this parameter requires 
that careful estimation be made of 
the factors which comprise _ this 
grouping of variables. The two most 
important factors which must be 
estimated are the ratio of the vertical 
to horizontal permeabilities and the 
thickness of the oil-bearing zone. 


Muskat’s calculations of bottom- 
water drive performance provide two 
methods of estimating the ratio of 
vertical to horizontal permeabilities. 
Even if an indication of the value 
of this ratio is known from core data, 
confirmation by one of the following 
methods will be desirable because the 
gross properties of the reservoir must 
be evaluated. Muskat suggested that 
the quantity of oil produced at initial 
water breakthrough in conjunction 
with appropriate saturation changes 
be used to calculate a sweep efficiency 
which should be a direct function 
of the dimensionless well spacing. 
Comparison with theoretical spacing- 
to-thickness ratio will show the ratio 
of horizontal to vertical permeabili- 
ties which is required to equate the 
actual ratio to the one predicted 
from the performance. Hutchinson 
and Kemp replotted Muskat’s pro- 
ductivity data to obtain a correla- 
tion which would permit estimation 
of the over-all ratio of vertical to 
horizontal permeabilities from well 
test information. Either or both of 
these methods should be used to ob- 
tain an estimate of this important 
parameter. 


In conjunction with the well spac- 
ing and permeability ratio, the ef- 
fective reservoir thickness must be 
known to completely specify bottom- 
water drive systems. This thickness 
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should take into account the tran- 
sition zone from the irreducible wa- 
ter saturation in the formation far 
removed from the initial water-oil 
contact to the residual oil saturation 
at the initial water-oil contact. Since 
capillary forces have been found not 
to alter greatly the sweep efficiency, 
a possible solution is to convert the 
transition zone to an equivalent 
thickness of reservoir containing the 
minimum water saturation. 


OTHER SCALING FACTORS 

The other scaling factors needed 
to determine the reservoir perform- 
ance are the well penetration, the 
gravity-to-viscous force ratio and the 
mobility ratio. These factors have 
been listed in the model scaling dis- 
cussion, and their calculation is 
straight-forward. 


DETERMINATION AND USE 
OF THE PERFORMANCE CURVE 


The desired performance curve for 
bottom-water drive reservoirs is the 
volumetric sweep efficiency as a func- 
tion of the producing water-oil ratio. 
To determine the specific curve for 
any combination of reservoir condi- 
tions, two separate correlations will 
be used. First, an equation relating 
breakthrough sweep efficiency as a 
function of well spacing to well pene- 
tration when corrected for mobility 
ratio and rate effects will determine 
one end of the after-breakthrough 
curves. A separate correlation in 
which the after-breakthrough per- 
formance can be plotted as straight 
lines will be used to determine the 
water-oil ratio vs sweep efficiency 
from a water-oil ratio of 2 to 20. 
Using these two correlations, a plot 
of water-oil ratio vs sweep efficiency 
can be prepared from which water 
and oil production as a function of 
time can be determined. 


Breakthrough Sweep Efficiency 

As discussed earlier, the break- 
through sweep efficiency of a bottom- 
water drive reservoir varies with all 
the variables which control the sys- 
tem. However, the well spacing and 
well penetration have the greatest 
effect upon the volumetric sweep 
efficiency at initial water break- 
through. Muskat showed that for a 
given well penetration, the break- 
through sweep efficicency for a mo- 
bility ratio of one and for zero den- 
sity difference varies inversely as the 
square of the dimensionless well 
spacing over certain ranges. In addi- 
tion, the well penetration has a sec- 
ond, almost linear effect from a pene- 
tration of 20 to 80 per cent of the 
formation thickness. These effects 
can be combined into the following 
equation. 


1 
(Eve) — (1.81 DAD by) 


D 


(1) 
when @ > 3:5 
ViE— 
Ap = 0.0 


This equation will predict break- 
through sweep efficiencies at most 
values of the well spacing which will 
be encountered in reservoirs. For 
values of ap less than 3.5, reference 
to Muskat’s work’ should be made. 

At this point, a discussion of the 
effect of mobility ratio and rate will 
be required to specify completely 
the volumetric sweep efficiency at 
water breakthrough. Experimental 
evidence of the effect of these vari- 
ables is known only at the two spac- 
ings studied by the use of models. 
An effect of rate and a lesser effect 
of mobility ratio up to 40 and 10 
per cent sweep efficiency, respective- 
ly, at water breakthrough may be 
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FIG. 11— EMPIRICAL PERFORMANCE CONSTANTS, MOBILITY RATIO = .05. 
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FIG. 12 — EMPIRICAL PERFORMANCE CONSTANTS, MOBILITY RATIO = 1.0. 
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FIG. 13 — EMPIRICAL PERFORMANCE CONSTANTS, MOBILITY RATIO = 2.0. 
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expected at very close well spacings. 
At an @p value of 12, the maximum 
change observed due to these vari- 
ables was less than 1 per cent. The 
transition of these effects between 
dp values of 2 and 12 cannot pre- 
sently be quantitatively determined. 
However, the variables appear to 
affect the performance in areas which 
are near, or immediately below, the 
production well. Hence, a method 
of extrapolating the variations due to 
gravity and mobility ratio from ap = 
2 to higher values is proposed. The 
method simply involves changing the 
absolute value of the volume in- 
crease or decrease at a) = 2 to an 
equivalent percentage of the wider 
spacings. 

A(@p = x) = A(a@ = 2) 

(2) 

ap = x) 


where A = a change in the volume 
of oil produced due to non-unity mo- 
bility ratio or finite gravity forces. 

Testing this relation on the only 
available experimental information 
shows that a 10 per cent increase in 
sweep efficiency at ap = 2 is equiva- 
lent to a 0.3 per cent increase at 
@p = 12, which is the order of mag- 
nitude of the experimental results 
at this spacing. 


After-Breakthrough Sweep Efficiency 


The best method found for handl- 
ing and interpolating the after-break- 
through sweep efficiency is an alter- 
nate plotting procedure in which 
most of the performance curves after 
breakthrough will occur as straight 
lines. It was found in the course of 
the analysis of the information ob- 
tained from these experiments that, 
if the water-oil ratio divided by the 
sweep efficiency was plotted as a 
function of the water-oil ratio, nearly 
straight lines were obtained between 
water-oil ratios of 2 and 20. This 
type of plot was used to correlate the 
data. 

The first step in the method was 
to determine the slope and intercept 
of the curves in their rectified form. 
These slopes and intercepts then were 
cross-plotted as functions of the vari- 
ables studied. The resulting curves 
are presented in Figs. 11, 12 and 13. 
A separate set of curves is provided 
for mobility ratios of 0.5, 1.0 and 
2.0. The coefficients from _ these 
graphs then are used in the equation 


(WOR) 
N (WOR) 


(3) 


A tabulation in which E,, is cal- 
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culated as a function of WOR from 
this equation then can be replotted 
on rectangular paper to obtain the 
desired performance curves. The co- 
efficients most appropriate to the 
reservoir under study should be se- 
lected from these graphs. Some care 
is required in this interpolation meth- 
od, Normally, the coefficients M and 
N will be more correct at high water- 
oil ratios, but they may be used safe- 
ly to a water-oil ratio as low as two. 
However, once the shape of the per- 
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formance curve from 2 to 20 is ob- 
tained and the breakthrough sweep 
efficiency determined as previously 
described, a rectangular graph of E,, 
vs water-oil ratio may be completed 
graphically between the known val- 
ues. In addition, the coefficients 
should not be used to calculate per- 
formance curves for systems having 
a values less than about four. 
When the performance in terms of 
the producing water-oil ratio as a 
function of the volumetric sweep ef- 


ficiency is known, the actual quanti- 
ties of water and oil produced can 
be calculated easily from the total 
reservoir size, porosity and saturation 
changes by using incremental mater- 
ial balances. These quantities can be 
related to production times by in- 
corporating the desired or available 
production rate. The most-often-de- 
sired result is the total quantity of 
oil and water produced as a function 
of time. kkk 
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A Sonic Method for Analyzing the Quality of 
Cementation of Borehole Casings 


ABSTRACT 


Determination of the quality of 
cementation of casing in oil wells 
in the past has involved inflow and 
circulation tests to insure that the pro- 
ducing zones were adequately sealed 
off from the adjacent zones. Exist- 
ing logging methods, such as tem- 
perature and radioactivity surveys, 
may detect the presence of cement 
behind the casing. However, the 
qualities of the cement (i.e., its hard- 
ness and particularly its bond to the 
casing) are not indicated. 


The new logging method described 
in this paper operates on the princi- 
ple that the attenuation of a sonic 
pulse transmitted by a casing is 
greatly increased when that casing is 
bonded to an outer annulus of hard 
material (such as set cement) which 
has an appreciably smaller sonic- 
wave velocity than that of the casing. 


The down-hole tool contains a 
source of recurrent sound pulses 
which are detected by a receiver 
spaced a few feet from the source 
The amplitude of the detected casing- 
borne pulse is measured, and-the re- 
sulting signal is transmitted to the 
surface where it is recorded vs depth. 
Since amplitude is a function of at- 
tenuation, the log is readily inter- 
preted. 


Laboratory studies have shown 
straightforward relationship be- 
tween attenuation and such variables 
as source-detector spacing and per 
cent of circumference bonded. It is 
shown that cement not set or not 
bonded to the casing has compara- 
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tively little attenuating effect. Field 
examples show not only the cement 
top, but also the variation in cemen- 
tation quality below the top. Further, 
the increase of bonding with time 
and after squeeze cementation is de- 
picted. The detection of poor cement 
jobs is confirmed by production tests 
and by formation-test results. 

It is anticipated that the method 
will have wide application in evalu- 
ating cementation quality prior to 
formation testing in completions and 
recompletions. The analysis it affords 
may aid in further improving cemen- 
tation techniques. 


INTRODUCTION 


The main purpose of oilwell ce- 
menting is to isolate a production 
zone from other undesirable zones. 
To investigate whether this purpose 
has been accomplished, several log- 
ging methods have been used such as 
temperature logs, radioactive tracer 
logs, etc. While these logs all respond 
to the presence of cement behind the 
casing, they do not indicate the de- 
gree of bonding of the cement to 
the casing. 

Early in the application of sonic 
logging, it was noticed that consider- 
able attenuation of sound signals 
takes place in cemented pipe and is 
often made evident on the standard 
Sonic log by cycle skipping.’ The 
development of a circuit capable of 
continuously recording the amplitude 
of the casing-borne sound signal has 
made possible an extensive series of 
laboratory and field tests, which gave 
the following results. 


The amplitude of a sound signal 


1Tixier, M. P., Alger, R. P. and Doh, C. 
A.: “Sonic Logging’, Trans., AIME (1959) 
216, 109. 
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after it has traveled in a firmly ce- 
mented pipe is only a small fraction 
of that recorded by the same device 
in free pipe. This provides a wide 
spectrum of energy levels; for given 
local conditions, empirical values of 
the amplitude can be correlated with 
the quality of cementation. Interpre- 
tations made in this manner gener- 
ally have been confirmed by produc- 
tion tests, circulation tests and 
squeeze cementation. 


The purposes of this paper are to 
give a general description of the new 
logging method and to present some 
laboratory and field results. 


CYCLE SKIPPING 


Early attempts to study the quality 
of the cement behind the casing were 
performed with a standard Sonic 
log, which measures the transit time 
At, and were based on the well 
known phenomenon of cycle skip- 
ping.’ Cycle skipping normally is in- 
terpreted as being a manifestation of 
weak signals at the receivers. 


The log of Fig. 1 was run with 
the recording instrumentation ad- 
justed to enhance cycle skipping. A 
mirror-image presentation was used 
for better visual interpretation. The 
transit time of sound in steel is 
about 58 microseconds/ft (corres- 
ponding to a velocity of 17,000 ft/ 
sec), and the portions of the log 
where this value is recorded are in- 
terpreted as zones with no cement 
bond. Where cycle skipping produces 
a higher value of At, weak signals 
(or a high rate of attenuation) are 
indicated, and a good cement bond 
may be present. 


The occurrence of cycle skipping, 
however, depends too much on in- 
strument adjustment to give a uni- 
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FIG. I—EARLY ATTEMPT TO DETER- 
MINE CEMENT TOP FROM CYCLE 


SKIPPING ON STANDARD SONIC 
LOG, (3-FT SPAN). 


formly reliable indication of signal 
strength. Cement quality, as revealed 
by attenuation of the signal, is pre- 
sented much more effectively by 
continuously recording the amplitude 
of the signal. 


DESCRIPTION OF LOGGING 
DEVICE 


Sonic pulses in the Cement Bond 
logging tool, emitted by a transmitter 
at a repetititon rate of about 10/sec, 
are detected by a receiver located a 
few feet from the transmitter (Fig. 
2). The sonic pulse wave is coupled 
by the drilling liquid into the casing 
through which the pulse-wave front 
travels with the compressional ve- 
locity of sound in steel. Some of the 
energy of the pulse wave is coupled 
back into the receiver by the bore- 
hole liquid. The ray path of the first 
arrival is shown in Fig. 2 by the 
arrowed solid line drawn from the 
transmitter, through the casing, to 
the receiver. 


Typical transmitter pulses and 
casing-borne receiver signals are il- 
lustrated schematically in Fig. 3. In 
the present device, the ringing fre- 
quency of the transmitter is about 
25 kilocycles/sec. Receiver output 
signals in unbonded casing and in 
casing bonded to a cement sheath 
are shown. The earliest arrivals at 
the receiver consist of relatively weak 
“forerunners” which are followed by 
oscillations of substantially larger 
amplitude. The forerunners generally 
drop below the threshold of detection 
in cement-bonded casing. Experience 
to date indicates that late arrivals are 
unpredictable in amplitude, probably 
because of distortions due to energy 
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FIG. 3—COMPARISON OF TYPICAL 

RECEIVER SIGNAL IN UNBONDED 

CASING AND IN CEMENT-BONDED 
CASING. 


which arrives by longer-time paths. 
The peak marked E, in Fig. 3 has 
been found to give the most reliable 
characterization of the amplitude of 
the casing-borne signal. In the pres- 
ent device, the amplitude of this 
peak is measured continuously, and 
the resulting indications are trans- 
mitted to the surface for recording. 
Any attempt to describe the pre- 
cise mechanics by which the sonic 
pulse is propagated through the cas- 
ing, and by which the pulse is 
severely attenuated when bonded ce- 
ment is present, is beyond the scope 
of the present paper. However, a 
superficial explanation of the me- 
chanics of attenuation will be useful 
in understanding the operation of 
the device. Propagation of the sonic 
pulse through the casing results in 
a motion of the casing wall. Any 
solid material (e.g., set cement) lo- 
cated near and bonded to the casing 
will be carried along in this motion. 
Since the velocity in the cement is 
less than that in the casing, the im- 
parting of motion to the cement can 
be brought about only by a con- 
tinuous transfer of energy from the 
casing to the cement and the signal 
is thereby attenuated. If the ma- 
terial outside the casing is not solid 
or is not bonded to the casing, the 
motion of the casing is not impeded 
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FIG. 4-CEMENT-BOND TEST SETUP 
USED IN LABORATORY STUDY. 


appreciably; consequently, the loss of 
energy (i.e., the attenuation) is much 
less. 


LABORATORY 
INVESTIGATIONS 


Concurrent with the development 
of the logging tool, laboratory studies 
were undertaken to observe the effect 
of bonded cement on a casing-borne 
signal and to provide a basis for 
log interpretation. In the typical test 
setup shown in Fig. 4, a standard 
size of casing is immersed in a tank 
of water. A transmitter is fixed in 
position at the upper end while the 
spacing to the receiver can be varied 
at will. In this diagram, a cement 
sheath is shown bonded to the casing. 

The relation between amplitude 
and transmitter-receiver spacing is 
shown in Fig. 5 for a 5%-in. OD, 
23-lb/ft casing, both unbonded and 
also for the casing bonded to a 144- 
in. annulus of medium-density ce- 
ment. The straight-line plots on a 
semilogarithmic grid show that the 
amplitude at a distance z from a ref- 
erence point at the transmitter may 
be expressed as 


where a is a composite attenuation 
factor. 


The relation of Eq. 1 is not an 
unexpected result because, in a sys- 
tem of this kind, the rate of energy 
dissipation at a given point along the 
casing should be proportional to the 
energy level. 

The attenuation is computed ac- 
cording to the conventional expres- 
sion, 

Attenuation (in decibels/ft) = 


(2) 


where A, and A, are the amplitudes 
at the beginning and the end, re- 
spectively, of a depth interval z. 
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FIG. 5—PLOT OF RELATIVE AMPLI- 
TUDE VS TRANSMITTER-RECEIVER 
SPACING WITH THE SETUP SHOWN 
IN FIG. 4 (PLOT FOR THE SAME 
PIPE WITH NO CEMENT ALSO IS 
SHOWN). 


For the typical case shown in Fig. 
5, the 8-decibels/ft rate of attenua- 
tion in cement-bonded pipe is about 
10 times greater than in unbonded 
pipe; the ratio of amplitudes (ce- 
ment-bonded to unbonded), at a 
spacing of 4 ft between transmitter 
and receiver, is about 1:32. 

Tests have shown that decreasing 
casing weight and increasing cement 
density both increase the attenuation. 
Rates as great as 14 decibels/ft have 
been encountered in 5'%-in, 15-lb 
casing bonded to relatively dense 
cement. 

Particularly interesting is the effect 
of vertical channels of no cement 
bonding on the signal amplitude. The 
bonded cement sheath of the casing 
sample of Fig. 5 was removed in 
vertical strips of increasing width. 
In Fig. 6, the casing is shown in 
cross-section, with the remaining ce- 
ment expressed as per cent of full 
annulus. The channel is represented 
by the section which has no cement. 
The relation between amplitude and 
per cent of bonded cement again is a 
straight line on this presentation, 
the attenuation being greater for the 
6-ft spacing than for the 4-ft spacing. 


This evidence indicates that it 
might be possible to scale the read- 
ings of the Cement Bond log in terms 
of per cent bond. However, because 
of a number of variables such as 
cement type, setting time, thickness, 
and size and weight of pipe, it will 
be difficult to distinguish between 
100 per cent bond and, say, 90 per 
cent bond. In applying the amplitude 
readings of a log for practical evalua- 
tion of the effectiveness of a shut- 
off, it will be necessary to take into 
account other factors such as the 
vertical extent of the bonded sec- 
tion. 

Other laboratory tests show clearly 
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FIG. 6—RESULTS OF EXPERIMENT TO SIMULATE EFFECT OF 
CHANNELING ON THE RELATIVE AMPLITUDE. 


that the mere presence of cement, 
soft or hard, is not the primary fac- 
tor in signal attenuation. A hard ce- 
ment sheath can be associated closely 
with a casing, but there is little at- 
tenuating effect if that sheath is not 
actually bonded to the casing. For in- 
stance, in a laboratory test where 
the bond of a cement sheath was 
broken without removal of the ce- 
ment, the loss of bond became evi- 
dent by a return of the attenuation 
to the uncemented rate. Therefore, 
it appears that the Cement Bond log 
can detect damage to cement jobs. 


The thickness of the bonded ce- 
ment sheath is relatively unimpor- 
tant, provided that it is greater than 
about one-quarter wave length of the 
sonic pulse. For instance, the at- 
tenuation in a 542-in. OD casing with 
a 2%-in. cement sheath was not ap- 
preciably different from that with a 
1%4-in. sheath. Therefore, it follows 
that, unless the cement annulus 
around a casing is relatively thin, the 
bond of the cement to the formation 
will not be expected to have a sig- 
nificant effect on the signal ampli- 
tude. 


INTERPRETATION 


Once the basic concept of ampli- 
tude attenuation as a result of load- 
ing the outside of the casing by 
solid material is recognized, the in- 
terpretation of Cement Bond logs for 
quality of cementation becomes rela- 
tively straightforward. Almost every 
log will extend over zones of no 


cement, or of no cement bond, which 
will be indicated by large-amplitude 
readings. Likewise, uniformly low- 
amplitude levels in sections of pos- 
sible cement usually will correspond 
to zones where the cement bond is 
good in quality. 

Fig. 7 shows a schematic Cement 
Bond log derived from laboratory 
measurements and field experience. 
The amplitude curve is presented at 
the right, with amplitude increasing 
to the right. Scaling, in terms of 
millivolts of amplitude of the casing- 
borne signal, is done arbitrarily for 
purposes of calibration. For the time 
being at least, it is subject to change 
with the particular type of instrumen- 
tation. The higher-amplitude levels, 
corresponding to completely free 
pipe, are of little interest; these are 
eliminated from the recording by al- 


At AMPLITUDE - MV 
100 50| 20 
SEC /FT 
ESSENTIALLY 
NO 
CEMENT 
] BOND MV 
CASING 


GOOD INSTRUMENTAL 
BOND SATURATION 


CHANNELING ? 


FIG. 7—SCHEMATIC CEMENT BOND 
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MEASUREMENTS AND FIELD 
EXPERIENCE. 
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ING-COLLAR INDICATIONS ON THE 
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lowing the circuit to saturate at a 
pre-set value, which generally cor- 
responds to less than 40 per cent 
bond. 


Low-amplitude readings usually 
indicate good cementation quality, 
while intermediate-amplitude levels 
correspond to zones of channeling or 
of poor bond. 


The sonic-transit-time (At) curve 
is presented at the left on Fig. 7. 
Through appropriate instrumentation 
and operating technique, the At read- 
ing normally corresponds to the 
transit time of sound in steel (58 
microseconds/ft), regardless of the 
amplitude. 


In high-velocity formations, the 
At reading may differ from that of 
steel due to early signal arrivals 
through the formation. Such indica- 
tions are expected to occur when 
the cement is bonded in some degree 
to both casing and formation. How- 
ever, an estimation of the degree or 
percentage of bonding from transit- 
time readings will be very difficult 
to make because only a partial bond 
may result in detectable formation- 
borne arrivals. 


Fig. 7 also shows typical shapes of 
the amplitude and At curves when 
the tool passes by a casing collar. 
This response, which has been veri- 
fied in the laboratory, is complicated 
because of the discontinuities in the 
metallic path and varies widely with 
the type of casing collar. Generally, 
the casing collars can be clearly dis- 
cerned on both the amplitude and 
the transit-time curves in free pipe. 
In cement-bonded sections, the 
casing-collar anomaly sometimes is 
obscured on the amplitude curve. 
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FIG. 9—FIELD EXAMPLE OF VARI- 
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FIELD EXAMPLES 


Field testing was started in April, 
1959, and most of the early field 
logs were run in South Louisiana and 
Western Venezuela. 


Fig. 8 shows a good cement job 
in a shallow well. The temperature 
log indicates the cement top to be 
somewhere between 4,120 and 4,150 
ft, but the Cement Bond log pin- 
points it at 4,148 ft. Above 4,148 
ft, the amplitude curve reaches the 
saturation value. Two casing collars 
can be noted above the cement top. 
Below 4,148 ft, the curve stays 
mostly below the 1.5-mv level, indi- 
cating a good cement bond. 


Fig. 9 shows a section of a Cement 
Bond log run in a deeper well. Here, 
intervals showing good, fair and poor 
bonding are found. 
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FIG. 10—CEMENT BOND LOG FOR 
WATER SHUT-OFF ANALYSIS. 


Fig. 10 shows an application of 
the Cement Bond log to water shut- 
off repairs. In this well, 7-in. casing 
was cemented in a 9%-in. hole at 
10,695 ft, and the top of the cement 
was located by other means con- 
siderably above the top of the pro- 
ductive formations. When the well 
was brought into production (10,510 
to 10,540-ft interval), it yielded only 
water. A Cement Bond log indicated 
a zone of poor bonding opposite the 
shale separating the productive sands 
from overlying water sands. A 
squeeze cementation was performed 
in the middle of the shale, after 
which the well produced clean oil. 

The validity of the indications of 
the Cement Bond log also is proved 
by production tests, For instance, the 
log of Fig. 11 shows that there 
should be no communication between 
the two sets of perforations. As a 
matter of fact, the upper interval 
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FIG. 11—GOOD CEMENT QUALITY INDICATED BY LOW AMPLITUDE 
THROUGHOUT THE SAND BODY IS CONFIRMED BY 
PRODUCTION TESTS. 
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WATER 


produced clean oil and the lower one 
100 per cent water. 


Similarly, the Cement Bond log 
has proved to be useful in connec- 
tion with the wireline formation 
tester in casing. Tests preferably 
should be attempted only where the 
Cement Bond log shows a good bond 
Over an interval of several feet. 


The Cement Bond log also can 
be used to check the effectiveness of 
a squeeze cementation. For instance, 
the first log (dashed amplitude 


curve) run in the well of Fig. 12 
shows poor bonding over most of the 
secticn, particularly in front of the 
oil and gas sands. An attempt to 
complete in the oil sand had resulted 
in gas production. After a squeeze 
with 185 sacks of cement, the ampli- 
tude curve shows that the bond was 
greatly improved, especially opposite 
the gas sand; a subsequent recomple- 
tion produced oil. 


Other field examples show hat, 
while bonding generally is improved 
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FIG. 12—“BEFORE-SQUEEZE” AND “AFTER-SQUEEZE” CEMENT-BOND 
CURVES INDICATE IMPROVEMENT IN CEMENTATION QUALITY 
RESULTING FROM SQUEEZE AT 8,060 TO 8,078 FT WITH 
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FIG. 13—DAMAGE TO BOND DUE TO SQUEEZE OPERATION. 
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by a squeeze job, sometimes the 
original bond is destroyed. On Fig. 
13, the first Cement Bond log run 
(solid curve) shows a poor cement 
job bGerween 8,900 and 9,000 ft 
and an intermittent good-to-fair bond 
below 9,000 ft. The formation then 
was broken down with water, and 
two squeezes at 4,000 psi were per- 
formed, The second Cement Bond 
log run (dotted curve) shows a good 
bond between 8,900 and 9,000 ft, 
but the bond below 9,000 ft has 
been damaged. 


Other problems for which the Ce- 
ment Bond log provides additional 
information are the influence of 
down-hole conditions on the effec- 
tiveness of the cement job and the 
setting-up time of the cement. Fig. 
14 shows a Cement Bond log run 
in a well where deep caving has oc- 
curred. The bond definitely is poorer 
in the washed-out sections (i.e., Sec- 
tion A), but even a true-to-gauge 
hole does not guarantee good cemen- 
tation, as can be seen at Section B. 


The cement bond often is poorer 
in a pay zone than in nearby water 
sands or shale sections. No com- 
pletely satisfactory theory has been 
advanced to explain this phenome- 
non. An example appears in Fig. 15. 


Fig. 16 shows a possible correla- 
tion between the quality of the ce- 
ment bond and the use of scratchers. 


During the course of field testing 
the Cement Bond log, systematic 
studies of bonding vs time were 
undertaken in several wells. Fig. 17 
shows some of the results in a well 
where 95%-in. casing was cemented 
in a 1214-in. hole at 9,157 ft. The 


MICROCALIPER AMPLITUDE — MV 
10 10 20) 


T 
[11950 


12100) 


WESTERN 
VENEZUELA 


FIG. 14—GENERAL CORRELATION 
BETWEEN HOLE SIZE AND CEMEN- 
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FIG. 1I5—EXAMPLE OF POOR BONDING FOUND OPPOSITE PAY SECTIONS 
(LOG RUN 11 DAYS AFTER CEMENTING). 


cement used was designed for 14,000- 
ft wells and was retarded according 
to API schedules. Laboratory tests 
show that this type of cement may 
be expected to set completely within 
a period of 24 hours after cementa- 
tion. When the cement is contami- 
nated with 10 per cent quebracho 
mud, the setting time becomes 50 to 
55 hours. 


Seven Cement Bond logs were run 
4, 5%, 18, 22, 28, 33 and 40 hours 
after cementation, four of which are 
shown in Fig. 17. A _ radioactive 
tracer log showed the top of the ce- 
ment at 6,350 ft, above the section 
shown. In this section, bonding was 
nearly complete after 33 hours. It 
was complete throughout the section 
after 40 hours. However, there are 
differences in the development of 
bonding vs time. Opposite sand sec- 
tions, bonding is complete after 18 
to 22 hours, whereas opposite shales 
it takes about 12 hours longer. A 
possible explanation is that the ce- 
ment loses water to the permeable 
sections and, thus, sets faster. 


In the upper part of the cemented 
section below 6,350 ft, (not shown 
on the illustration), virtually no 
bonding occurred even after 40 
hours, probably because the cement 
was contaminated by the mud. 


Moderately low amplitudes have 
been found above the cement top in 
some wells. The most likely explana- 
tion is that the mud in the annulus 
has set up sufficiently to load the 
casing, that the formation has moved 
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in to grip the casing, or that the pipe 
is wedged against the formation. 


CONCLUSIONS 


By the end of Nov., 1960, more 
than 500 Cement Bond logs had 
been run in North and South Amer- 
ica, Not all of the logs were checked 
by circulation and production tests; 
however, whenever such tests were 
made, the success ratio of the Ce- 
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FIG. 16—GENERAL CORRELATION 
BETWEEN LOCATION OF SCRATCH- 
ERS AND CEMENTATION QUALITY 
(7-IN. CASING IN 1214-IN. HOLE; 
LOG RUN THREE DAYS AFTER CE- 
MENTING). 


ment Bond log in assessing cemen- 
tation quality has been extremely 
high. 

The device responds to the at- 
tenuation of the casing-borne sound 
signal and is not expected, in the 
general case, to give an indication 
of cement-to-formation bond. Evalu- 
ation of formation bond by sonic 
methods is a most difficult problem 
involving such important variables 
as type and density of cement and 
transducer spacing. Assuming that a 
formation bond is required for good 
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cementation quality, the high success 
ratio of the present tool seems to 
indicate that a bond to the casing 
normally is accompanied by a bond 
to the formation; i.e., conditions fa- 
vorable for one are generally favor- 
able for the other. 

It is concluded that this new tool 
can be used to evaluate the quality 
of the cement job around a casing 
string and, in many cases, that its 
use may eliminate the necessity of 
expensive inflow and _ circulation 
tests. 

In addition, this new technique 
is particularly well adapted to the 
systematic investigation of down-hole 
cementation and the factors that af- 
fect it, including the following. 

1. Time, temperature, pressure and 
depth. 
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2. Additives in the cement and in 
the mud. 


3. Quantity of cement and rate 
of injection. 


4. Reservoir and down-hole fluids. 
5. Hole size and hole deviation. 


6. Use of centralizers and scratch- 
ers. 


7. Damage to cement bond by 
perforation and/or high-pressure 
squeezing. 


It is to be expected that, when 
more results of basic research on ce- 
mentation and on the propagation of 
sound through such discontinuities 
as occur in borehole configurations 
are available, the interpretation of 
the Cement Bond log can be made 
even more reliable. 
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The Effect of Restricted Fluid Entry on Well Productivity 
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INTRODUCTION 


In the past, other authors” * have studied the influ- 
ence of a skin effect on the productivity of a well. This 
skin effect, expressed by the skin factor S, is considered 
to be caused by a thin layer of impaired permeability 
immediately around the wellbore and extending verti- 
cally over the whole productive interval penetrated by 
the well. The skin factor S$ is defined as follows. 


The pressure drop Ap in a well without skin is given by 


_{ 


(For the meaning of the pressure function p; see Ref. 3.) 
The skin effect causes an increase in pressure drop 
described by 


2 
where is the skin factor, and pressure 


drop in the skin. 
Based on this, the impairment in productivity caused 
by a skin can be expressed by the fractional loss in pro- 
ductivity 7, which is the loss in productivity divided by 
the total unimpaired productivity. For compressible flow 
in a stabilized well which drains a circular area of 
radius r,, I is given by 
S 


(3) 


STATEMENT OF PROBLEM 


The present paper deals with a different kind of pro- 
ductivity impairment. Consider a well in which part of 
the productive formation is blocked off completely, 
either by incomplete penetration or by exclusion of parts 
of the productive zone by blank casing. 

In Fig. 1 (A, B and C), three examples are shown. 
Fig. 1(A) shows the situation where a well only par- 
tially penetrates the formation. This often is done to 
combat the actual or imagined danger of bottom-water 
coning. Fig. 1(B) shows a well producing from only 
the central portion of a productive interval. This type 
of completion is sometimes used where both water and 
gas coning are a problem. Although the case of a well 
producing through perforated casing cannot be treated 
in a manner similar to the previous two cases (where 


Original manuscript received in Society of Petroleum Engineers 
office July 14, 1959. Revised manuscript received Dec. 1, 1960. Paper 
presented at 34th Annual Fall Meeting of SPE, Oct. 4-7, 1959, in 
Dallas. 

*Presently associated with International Business Machines Corp. 
in South Africa. 

1References given at end of paper. 
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radial flow in the horizontal plane is assumed), Fig. 
1(C) shows several intervals open to production and 
qualitatively describes this case (as will be discussed 
later). 


To study the loss in productivity in all these cases, 
two parameters are introduced which fully determine 
the impairment. The first is the penetration ratio “b,” 
i.e., the total interval open to fluid entry divided by 
the total thickness of the productive zone. The second 
is the ratio h/r,,. In this ratio, r,, is the wellbore radius. 
The definition of h is more cumbersome. In Fig. 1(A), 
h is the thickness of the total productive interval. The 
streamline configuration for this case of partial penetra- 
tion is basic to the other two cases considered (Views 
B and C of Fig. 1). It will be obvious from Fig. 1(A) 
that the flow lines in the uppermost portion of the 
formation will be essentially horizontal, while those in 
the lower portion will curve upward toward the well. 
In Fig. 1(B), with only the middle portion of the zone 
open to production, the streamline configuration of the 
upper half will be an exact mirror image of that in the 
lower half of the zone. Hence, for the case illustrated 
in Fig. 1(B), A is defined as one-half the total sand 
thickness. It follows, then, that in Fig. 1(C) A is one- 
half the distance between corresponding points in ad- 
jacent intervals. (In gun-perforated casing, h would be 
one-half the distance between perforations. ) 


DISCUSSION OF RESULTS 


In a paper by Nisle* and a paper given by the present 
authors’, the mathematical theory was developed for 
the cases under consideration. In the present publica- 
tion, the emphasis is put on the results of these studies; 
consequently, the equations derived in Refs. 4 and 5 
will be omitted, for the most part. 

The pressure drop Ap in a well producing from only 
a portion of the total formation thickness can, in anal- 
ogy with Eq. 1, be expressed by 


qd 
where 
t 


and F (7) is a function given in Refs. 4 and 5. 

Numerical solution of Eq. 5 by use of the IBM 650 
leads to the following important conclusions. First, dur- 
ing a short period after starting production (usually on 
the order of a few minutes), the function p,(b) is 
given by 
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FIG, 1—EXAMPLES SHOW (A) WELL ONLY PARTIALLY PENETRATING FORMATION, (B) WELL PRODUCING FROM 
ONLY THE CENTRAL PORTION OF PRODUCTIVE INTERVAL, AND (C) WELL 
WITH SEVERAL INTERVALS OPEN TO PRODUCTION. 


This means that the pressure drop during this very short 
initial period is expressed by 

Compared to Eq. 1, this shows that during this time 
the well behaves as if the total sand thickness were 
equal to bh, i.e., the interval open to flow. 


A P= 


Secondly, after a short transition period, the pressure 
drop is given by 
h 
lwo 


a P= + 
The second term in the bracketed expression is time 
independent, being a function only of b and h/r,,. This 
means that the restriction to fluid entry by virtue of only 
partial well penetration results in an additional pressure 
drop, independent of time, similar to that caused by a 
skin. In analogy with Eq. 2, a “pseudo” skin factor S, 
is introduced and is defined by 


S, = : G(s) ) 
b 
where G(b) is a function of b, Since this function 
cannot be expressed analytically, it has been calculated 
numerically. In Table 1, G(b) is given for a range of 
b values. 


Based on Eq. 9 and Table 1, pseudo skin factors S, 
were calculated for a range of values of h/r, and b, as 
shown in Table 2 and Fig. 2. Note that Eq. 9 loses its 
validity for low values of h/r,. This limitation can be 


TABLE 1—G (b) FOR RANGE OF b VALUES 


b G (b) 
0.1 2.337 
0.2 1.862 
0.4 1.569 
0.6 1.621 
0.3 1.995 


FEBRUARY, 1961 


explained by the fact that, for low values of h/r., rw 
becomes of the same order of magnitude as h; conse- 
quently, the “point-source” solution on which the equa- 
tions are based no longer applies. In such cases the 
exact solution, rather than the point-source solution, 
should be used.’ The exact S, values for low values of 
h/r,, are included in Table 2 and Fig. 2. 


The fractional loss in productivity J is related to the 
skin factor S, by Eq. 3. Based on this relation, J is given 
in Fig. 3 as a function of S,, for r, = 660 ft andr, = 
3 in. By comparison. Muskat* gives a solution for the 
case of incompressible flow. In Fig. 4, values of I based 
on Muskat’s equations are compared with those calcu- 
lated for depletion-type flow, for h/r, = 100 and h/r,, 
= 1,000 and using the same values for r, and r, as 
shown in Fig. 3. This plot shows that the values for in- 
compressible and depletion-type flow are quite close. 
However, Muskat’s method is not applicable to low 
h/r, values. 


Considering again the conditions sketched in Fig. 1 
(A, B and C), it is seen that in all cases the penetration 
ratio b is 0.2. However, h/r, is 600, 300 and 60, re- 
spectively, in Views A, B and C of Fig. 1. It follows 
from Fig. 3 that, for r, = 660 ft and r, = 3 in., the 
loss in productivity J is 71, 68 and 56 per cent, re- 
spectively. From these results, we conclude that better 
productivity is obtained from an interval open in the 


TABLE 2—PSEUDO SKIN FACTORS Sp FOR RANGE OF h/rw AND b 


b 

h/t 0.1 0.2 0.4 0.6 0.8 
1 Sv = 0.6359 0.4474 0.2214 0.0938 0.0246 
2 1.2384 0.8587 0.4197 0.1782 0.0474 
5 2.8750 1.9210 0.9120 0.3893 0.1073 
10 5.1589 3.2949 1.5146 0.6502 0.1867 
20 8.6406 5.2130 2.3101 0.9982 0.3002 
50 15.0060 8.3839 3.5562 1.548 0.4932 
100 20.7013 11.0340 4.5669 1.9962 0.6571 
200 26.7437 13.7617 5.5968 2.4535 0.8272 
300 30.2995 15.3695 6.2011 2.7219 0.9272 
500 34.9150 17.4159 6.9679 3.0628 1.0551 
700 37.9347 18,7602 7.4723 3.2869 1.1391 
1000 41.1398 20.1860 8.0071 3.5246 1.2282 
10,000 61.8577 29.3953 11.4607 5.0596 1.8038 
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FIG. 2—PSEUDO SKIN FACTOR S, AS A 
FUNCTION OF 6 AND 4/r,.. 


middle of a productive zone than from the same open 
interval located at either the top or bottom of the zone. 

Additionally, we conclude that the larger the number 
of intervals for a given total-penetration ratio, the higher 
Tw 


productivity will be 


augh the case of a well producing through per- 
is not covered by the present theory, 
$s radially symmetric flow in the horizontal 
tively speaking the foregoing may still be 
this case. It supports the experience that, 
ain perforation density, the productivity is 
pai although the fraction of the forma- 
y Open to the wellbore may be small and, 
that above a certain density increasing the num- 
erforahons per foot will add little to the pro- 


Fin previous statements are valid only for 
sot ability distribution; any degree of hori- 
zontal ification will lower the productivity until, for 


Zero We 1 permeability, 7 becomes equal to | b. 
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FIG. 3—FRACTIONAL LOSS OF PRODUCTIVITY J AS A 


FUNCTION OF 6 AND h/r,, FOR r, = 
660 FT AND r, = 3 IN. 
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FIG. &—-COMPARISON BETWEEN FRACTIONAL LOSS OF 
PRODUCTIVITY J. (SOLID LINE REPRESENTS CALCU- 
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Maximum Permissible Dog-Legs in Rotary Boreholes 


ARTHUR LUBINSKI 
MEMBER AIME 


ABSTRACT 


In drilling operations, attention generally is given to 
hole angles rather than to changes of angle, in spite of 
the fact that the latter are responsible for drilling and 
production troubles. The paper presents means for 
specifying maximum permissible changes of hole angle 
to insure a trouble-free hole, using a minimum amount 
of surveys. It is expected that the paper will result in a 
decrease of drilling costs, not only by avoiding troubles, 
but also by removing the fear of such troubles. 


SUMMARY, CONCLUSIONS AND 
RECOMMENDATIONS 


Excessive dog-legs result in such troubles as fatigue 
failures of drill pipe, fatigue failures of drill-collar con- 
nections, worn tool joints and drill pipe, key seats, 
grooved casing, etc. Most of these detrimental effects 
greatly increase with the amount of tension to which 
drill pipe is subjected in the dog-leg. Therefore, the 
closer a dog-leg is to the total anticipated depth, the 
greater becomes its acceptable severity. 


Very large collar-to-hole clearances will cause fatigue 
of drill-collar connections and shorten their life, even 
in very mild dog-legs. Another finding regarding fatigu- 
ing of collar connections in dog-legs is that rotating 
with the bit off bottom sometimes may be worse than 
drilling with the full weight of drill collars on the bit, 
mainly in highly inclined holes when the inclination 
decreases with depth in the dog-leg. 


Means are given for specifying maximum dog-legs 
compatible with trouble-free holes. An inexpensive 
technique proposed is to take inclinometer or directional 
surveys far apart; then, if an excessive dog-leg is de- 
tected in some interval, intermediate close-spaced sur- 
veys are run in this interval. 


The application of the findings should result in a 
decrease of drilling costs, not only by avoiding troubles, 
but mainly by removing the fear of such troubles. The 
result would be much more frequent drilling with heavy 
weights on bit, regardless of hole deviation. 


Because of errors inherent to their use, presently 
available surveys are not very suitable for detecting 
dog-legs. There is a need for instruments especially 
adapted to dog-leg surveys. 


Original manuseript received in Society of Petroleum Engineers 
office Aug’. 29, 1960. Revised manuscript received Jan, 9, 1961. Paper 
presented at 35th Aunual Fall Meeting of SPE, Oct. 2-5, 1960, in 
Denver. 
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INTRODUCTION 


Crooked hole drilling rules should fall into two dis- 
tinct categories—(1) those whose purpose is to bottom 
the hole as desired, and (2) those whose purpose is to 
insure a trouble-free hole, Three kinds of first-category 
rules in usage today are as follows. 


1. A means to bottom the hole as desired is to pre- 
vent the bottom of the hole from being horizontally too 
far from the surface location; this may be achieved 
by keeping the hole inclination below some maximum 
permissible value such as, for instance, 5°. 


2. Another means to achieve the same goal is to 
limit the rate at which the inclination is allowed to in- 
crease with depth. A frequently used rate is 1°/1,000 ft. 
In other words, a maximum deviation of 1° is allowed 
at 1,000 ft, 2° at 2,000 ft, 3° at 3,000 ft, etc. 


3. Whenever application of the first two means pre- 
cludes carrying the full weight on bit required for most 
economical drilling, then the best course is to take ad- 
vantage of the natural tendency of the hole to drift 
updip, displace the surface location accordingly and 
impose a target area within which the hole should be 
bottomed. This method has already been successfully 
applied,”* and its usage probably will become more 
frequent in the future. Means for calculating the amount 
of necessary surface location displacement are avail- 
able.*** If in high-dip formations the full weight on bit 
should result in unreasonably great deviations, the situa- 
tion could be remedied by increasing the size of collars 
and (if needed) the size of both hole and collars,*** or 
in some cases by using several stabilizers.* 


Rules which would fall into the second category (i.e., 
rules whose purpose is to insure a trouble-free hole) 
are seldom specified today. It is vaguely believed that 
following Rules 1 and 2 of the first category will auto- 
matically prevent troubles. Actually, this is not true. 
If at some depth the only specified rule is that the 
hole inclination must be less than 4°, the hole may be 
lost if the deviation suddenly drops from 4 to 2°, or 
if the direction of the drift changes, etc. 


Rule 3 of the first category is generally used in con- 
junction with a rule belonging to the second category, 
namely, that the hole curvature’ (dog-leg severity) 
must not exceed the arbitrarily chosen value of 112° 
/100 ft. Moreover, when using this rule, the industry is 
not clear over what depth intervals the hole curvature 
should be measured. All this results in a frequent fear 


1References given at end of paper. 


of letting the hole drift freely, in spite of the recognized 
fact that such a practice decreases drilling costs. 


This situation prompted an investigation which re- 
sulted in this paper, the purpose of which is to propose 
rules (as lenient as possible pertaining to the change 
of hole inclination and drift) which will require the 
smallest possible number of surveys and still ensure a 
trouble-free hole. 


The investigation was sponsored both by the Crooked 
Hole Subcommittee of the AAODC Rotary Drilling 
Committee and the API Mid-Continent Study Com- 
mittee on Straight Hole Drilling. 


FATIGUE FAILURES OF DRILL PIPE 


GENERALITIES 


Consider hole inclinations of 3° and 4% ° at two suc- 
cessive survey stations. If the direction of the deviation 
with respect to north is the same at the two stations, 
the change of angle between these stations is 114°. How- 
ever, if the direction of the deviation changes, then the 
change of angle, called change of the over-all angle,’ is 
greater than 114°; the reason is that this angle is a 
resultant of the 144° change in the vertical angle and 
some change in the horizontal angle. Means for calculat- 
ing this resultant are available.’ In this paper the ex- 
pression “change of angle” must be understood to mean 
“change of the over-all angle” whenever surveys are 
directional. 


In this paper two idealized, extreme kinds of dog- 
legs will be investigated—-the gradual dog-leg shown in 
Fig. la, and the abrupt one shown in Fig. 1b. 


Consider first the gradual dog-leg shown in Fig. la. 
The hole axis is an arc of circle. Such a dog-leg must 
be described in terms of a rate of change of angle with 
respect to the length, in degrees /100 ft. By saying that 
the rate of change, which is also called hole curvature 
(dog-leg severity),’ is 3°/100 ft, it is not implied that 
the dog-leg is 100-ft long and its angle 3°. It is rather 
implied that, in every foot of dog-leg length (whichever 
this length might be), the hole turns by .03°. 


The only gradual dog-legs which will be investigated 
here are those extending over several lengths of drill 
pipe. Such dog-legs will be called “gradual and long”. 
Bending stress in the drill pipe in the vicinity of a tool 
joint will be considered for tool joints which are not 
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FIG. 1—(a) GRADUAL AND LONG DOG-LEG; (b) 
ABRUPT DOG-LEG (TOOL JOINT IN THE DOG-LEG). 
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located close to either the beginning or the end of a 
gradual and long dog-leg. 


For zero tension, the pipe between two tool joints 
in a gradual and long dog-leg assumes the same shape 
as the hole, ie., an arc of circle. As the tension in- 
creases, the bending at the vicinity of tool joints becomes 
greater, while the pipe partially straightens between tool 
joints, which is the situation shown in Fig. la. For even 
greater tension, drill pipe may contact the wall of the 
hole between tool joints. In all cases, however, the 
bending stress is the greatest at the immediate vicinity 
of tool joints. Consider as an example a bending stress 
of 10,000 psi. If the pipe is under a tension of 150,000 
lb, i.e., under a tensile stress of 34,000 psi (150,000 Ib. 
over 4.407 sq in. of wall cross-sectional area), then be- 
cause of bending, the Point A in Fig. la is actually 
subjected to a tensile stress of 34,000 — 10,000 = 
24,000 psi and the Point B to a tensile stress of 34,000 
+ 10,000 = 44,000 psi. Thus, because of rotation, the 
stress at the periphery of the pipe varies at every point 
between 24,000 and 44,000 psi. Such a repeated change 
of stress may cause a failure called “fatigue failure”. 
Such failures sometimes, but not always, occur in the 
slip mark.* According to H. M. Hollins, Drilco Oil 
Tools, the most frequent fatigue failures in West Texas 
are at the upset fadeout on either end (box or pin) of 
the pipe. 


GOODMAN DIAGRAM 

The maximum reversed bending stress which will 
cause no fatigue failures depends upon the average 
tensile stress to which the pipe is subjected, The greater 
the average tensile stress, the smaller is the maximum 
bending stress which the pipe may withstand. The curve 
of the completely reversed bending stress vs the average 
tensile stress is called “Goodman diagram”. 


The usual Goodman diagram is a straight line, such 
as the dashed Line CD in Fig. 2. The intercept with 
the abscissa (Point D) is the tensile strength of steel, 
i.e., 100,000 psi for Grade E steel. The intercept with 
the ordinate (Point C) is obtained from repeated bend- 
ing experiments conducted in the laboratory on pipe 
lengths subjected to no tension. Such experiments indi- 
cate a value of 22,000 psi at least. 


The dashed straight Line CD was not used in this 
work, Instead, a curve drawn as a solid Line EF in 
Fig. 2 was adopted and called “modified Goodman 
diagram”. Its intercept, E, with the ordinate is below 
the Point C (i.e., at 18,000 instead of 22,000 psi) to 
make allowance for slip marks and some wear of the 
pipe. On the other hand, for large tensions the Curve 
EF was chosen to be slightly above the straight Line 
CD: 

The choice of Line EF is due to a recommendation 
by the engineering departments of the Hughes Tool Co. 
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FIG, 2—MODIFIED GOODMAN DIAGRAM FOR GRADE 
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and is based upon their best available experience in the 
matter. Nevertheless, this choice may be considered only 
as an educated, but probably somewhat conservative, 
guess, The author could not argue with those who would 
prefer to make a somewhat different guess. 


Theoretically, for conditions represented by points 
located below the Line EF in Fig. 2, the pipe will with- 
stand an infinite number of stress reversals without fail- 
ing. This, however, holds true only in noncorrosive 
muds. In a corrosive medium, the pipe will always fail 
after a finite number of stress reversals even if the bend- 
ing stress is small. However, if the bending stresses 
were maintained within some fraction of these given by 
the modified Goodman diagram (Fig. 2), then drill- 
pipe life probably would be longer than with present 
practices. The value of this fraction depends on the 
corrosivity of the medium. A value of 0.6 is suggested 
for very severe conditions. 


The greater the tension to which drill pipe is sub- 
jected, the smaller is the hole curvature which the pipe 
may stand without fatigue failures. The reasons for this 
are the two following already-explained facts. 


1. The bending stress increases with tension. 
2. As shown in Fig. 2, under greater tension the 
drill pipe will stand less bending. 


GRADUAL AND LONG DOG-LEGS 

Taking into account both these effects, a curve indi- 
cated “Fatigue of Grade E Drill Pipe” was plotted in 
Fig. 3,* which is for 442-in. OD 16.6-lb/ft drill pipe. 
The abscissa is the hole curvature in degrees/100 ft. 
The ordinate is the tension to which the pipe is sub- 
jected in the dog-leg. There are two ordinate scales. 
One is in pounds and the other is in equivalent lengths 
of drill pipe in feet. The conversion of both scales was 
made assuming a buoyancy factor 0.847, i.e., a 10 lb/gal 
mud. In view of the fact that the tension in the drill 
pipe is due not only to its own weight, but also to the 
weight of drill collars, the ordinate scale in feet may 
be used only if the weight of drill collars is converted 


*Means by which various curves of this paper were prepared are 
explained in the Appendix. 
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FIG. 3—GRADUAL AND LONG DOG-LEG— 
HOLE CURVATURE (DOG-LEG SEVERITY) 
VS TENSION FOR 434-IN. DRILL PIPE. 


FEBRUARY, 1961 


to an equivalent length of drill pipe to be added to the 
actual length of drill pipe. 


Fig. 3 shows that the influence of tension upon the 
maximum tolerable dog-leg angle is very large. As an 
example, consider first a tension of 180,000 lb, for 
which Point G in Fig. 3 indicates that hole curvature 
in a long and gradual dog-leg should not exceed 3° per 
100 ft if fatigue failures are to be avoided. On the 
other hand, Point H shows that for a tension of 32,000 
Ib drill pipe could withstand curvatures up to 9°/100 
its 


The modified Goodman diagram (Fig. 2) was used 
in calculating the fatigue curve of Fig. 3. A good justifi- 
cation for the choice of the modified Goodman diagram 
is provided by the reasonableness of the results obtained 
from the fatigue curve. Eastman Oil Well Survey Co.’s 
experience indicates that a hole curvature of less than 
3°/100 ft never causes any trouble.** Therefore, if 
Eastman’s statement is valid for points higher than 
10,000 ft above total depth (9,700 ft of drill pipe plus 
300 ft of drill collars weigh about 180,000 lb), then 
the fatigue curve in Fig. 2 is on the conservative side. 
To explain this, consider for instance a dog-leg 13,000 
ft above the total anticipated depth where the tension 
may be 210,000 lb. Fig. 3, obtained from Fig. 2, indi- 
cates at Point I that for such conditions hole curvature 
should be smaller than 2.6°/100 ft, while Eastman’s 
experience would allow 3°/100 ft. 


The dashed curve in Fig. 3 indicates the conditions 
for which 41%-in. drill pipe in a gradual and long dog- 
leg contacts the wall of the hole between tool joints. 
The meaning of the fact that the entire fatigue curve is 
located to the left of the dashed curve is as follows. If 
operations are conducted in such a manner that drill 
pipe is not subjected to fatigue, then in gradual and 
long dog-legs only the tool joints (and not the drill 
pipe) contact the wall of the hole. 


ABRUPT DOG-LEGS 

Consider the case of an abrupt dog-leg shown in 
Fig. 1b. The hole is geometrically straight (which does 
not mean vertical) both above and below the dog-leg. 
The angle by which the hole turns in the dog-leg will 
be referred to as “dog-leg angle”. 


In Fig. 1b, a tool joint is located in an abrupt dog- 
leg. The bending stress in the drill pipe is the greatest 
in the immediate vicinity of that tool joint. This greatest 
bending stress increases with the tension to which the 
pipe is subjected. 


In Fig. 4 it is not a tool joint but, rather, the drill 
pipe between tool joints which is located in an abrupt 
dog-leg. In this case, drill pipe contacts the wall of the 
hole and the greatest bending, which is the same as in 
the previous case, does not occur at the vicinity of a 
tool joint. However, after an abrupt dog-leg is rounded 
out and becomes a gradual one, drill pipe generally 
loses its contact with the wall of the hole; the most 
severe bending then occurs only at the vicinity of tool 
joints. 

There is a basic difficulty in the usage of surveys for 
the purpose of calculating the effects of dog-legs, namely, 
that the actual shape of a dog-leg between two succes- 
sive survey stations is not known. However, one might 


** According to a conversation in Long Beach, Calif., in Oct., 1956, 
with R. E. Wiley, John Weddle and Fay Brady, all with Eastman, 
a hole curvature between 3° and 5°/100 ft could cause trouble, but 
in hard formations only. 
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FIG. 4—ABRUPT DOG-LEG, (DRILL PIPE 
IN THE DOG-LEG). 


assume that either there is an abrupt dog-leg between 
the stations (as shown in Fig. lb), or that the dog-leg 
is gradual and long (as shown in Fig. 1a). The method 
developed in this paper consists in choosing between the 
two stations. These stations are at J and K in Fig. 1a, 


Consider a 30-ft survey spacing, i.e., a spacing equal 
to the distance between two tool joints. Furthermore, 
consider that a tool joint is located half-way between 
two stations. These stations are at J and K in Fig. la, 
and at L and M in Fig. lb. 


In the case of the gradual and long dog-leg, for 
reasons of symmetry, the pipe at J and K is parallel to 
the wall of the hole; therefore, the change of angle of 
pipe betwen J and K is the same as that of hole. 


In the case of an abrupt dog-leg, the pipe is not 
parallel to the wall of the hole at L and M. Therefore, 
the change of angle of pipe between these points is 
somewhat smaller than the change of hole angle. How- 
ever, except for very small tensions, the difference be- 
tween the two is negligible; and, for all practical pur- 
poses, it may be stated that the pipe is parallel to the 
wall of the hole at L and M. 


Thus, if the change of hole angle between the 30-ft 
stations is the same in Figs. la and lb, then the pipe 
is subjected to exactly the same conditions in both 
cases—(1) only the tool joint (and not the drill pipe) 
is in contact with the wall of the hole, and (2) at 
15 ft, both above and below the tool joint, the pipe is 
subjected to the same tensions in the same directions. 
In other words, for 30-ft spacing, assuming an abrupt 
dog-leg is neither more nor less exacting than assuming 
a gradual and long one. 


Consider now the same change of hole angle as 
previously, but with a longer spacing, such as 45 ft. 
Then, assuming an abrupt dog-leg results in the same 
bending conditions as previously, On the other hand, 
assuming a gradual and long dog-leg results in less 
severe effects because the same change of angle occurs 
over a longer distance. Therefore, for spacings greater 
than 30 ft assuming an abrupt dog-leg results in more 
severe conditions than assuming a gradual and long one. 
Conversely, for spacings smaller than 30 ft, assuming 
an abrupt dog-leg results in less severe conditions than 
assuming a gradual and long one. 
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These conclusions hold true 11, in the case Of an 
abrupt dog-leg, only the tool joint in the dog-leg (and 
not the neighboring tool joints) contacts the wall of 
the hole and if, in the case of a gradual dog-leg, only 
the tool joint (and not drill pipe) contacts the wall. 
A study of drill-pipe behavior in abrupt dog-legs re- 
vealed that the first condition is fulfilled if drill pipe is 
not subjected to smaller tensions than the weight of 
drill collars. Moreover, it has already been explained that, 
for 4%-in. drill pipe, the second condition is fulfilled 
if the operations are conducted in such a manner that 
fatiguing of drill pipe is avoided. This also is the case 
for 5-in. drill pipe. On the other hand, such is not the 
case within some range of tensions for 3!2-in. drill pipe. 
For such conditions the limiting value of survey spacing, 
above which an abrupt dog-leg is more exacting than 
a gradual one, is smaller than 30 ft. However, for the 
sake of simplicity, this fact will be disregarded in this 
paper and no survey spacing closer than 30 ft will be 
considered as far as drill pipe is concerned. Thus, the 
assumption of an abrupt dog-leg between two successive 
stations will be made. 


Figs. 5, 6 and 7 are for three sizes of drill pipe. These 
graphs are similar to Fig. 3, but for abrupt instead of 
gradual dog-legs. The abscissa is the dog-leg angle, 
while the two ordinate scales are the same as in Fig. 3, 
i.e., tensions. Fatigue curves, the meaning of which is 
the same as in Fig. 3, are drawn in Figs. 5, 6 and 7. 


These fatigue curves are valid only for noncorrosive 
muds. As already stated in this paper, in corrosive 
media, bending stresses to avoid fatigue failures of drill 
pipe must be reduced to a fraction of those of non- 
corrosive fluids. This is equivalent to reducing in the 
same proportion the maximum permissible dog-leg angle 
obtained from fatigue curves in Figs. 5, 6 and 7. Con- 
sider, for instance, 4%2-in. drill pipe subjected to 
79,000-lb tension. Point J in Fig. 6 indicates that the 
dog-leg angle should not exceed 1.67°. In corrosive and 
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FIG. 6—ABRUPT DOG-LEG—DOG-LEG ANGLE VS 
TENSION FOR 414-IN., 16.6-LB DRILL PIPE. 


severe-corrosive conditions, one might reduce this value 
spectively. 


In Figs. 5, 6 and 7 are also drawn curves indicated 
“Yielding of Grade E Drill Pipe”. For conditions rep- 
resented by points located to the right of these curves, 
the pipe would take a permanent set and would fail very 
quickly if rotated. These curves show that the greater 
the dog-leg angle, the smaller is the tensile load for 
which yielding will occur. 


SURVEY ERRORS 

Inclinometer and directional surveys generally are not 
run in the open hole but, rather, inside drill collars. 
Because of their stiffness, drill collars do not follow 
the hole contour exactly. For instance, the shape of 
collars bent in an abrupt dog-leg may be as shown in 
Figs. 8 or 9. Fig. 8 is for cases when hole inclination 
increases with depth and which will be referred to as 
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IN CORROSIVE MUDS REDUCE DOG-LEG ANGLE TO A FRACTION 
(0.6 FOR VERY SEVERE CONDITIONS) OF VALUE INDICATED BY 
FATIGUE CURVE. 


FIG. 7—ABRUPT DOG-LEG—DOG-LEG ANGLE VS 
TENSION FOR 5-IN., 19.5-LB DRILL PIPE. 


“increasing dog-legs”. Conversely, Fig. 9 is for “decreas- 
ing dog-legs”’. 

In all cases if there is an abrupt dog-leg between 
two stations and if the distance between the stations is 
less than 2P (see Figs. 8 and 9), then the change of 
angle obtained from the two surveys will be less than 
the dog-leg angle. In other words, the condition might 
actually be more severe than indicated by surveys. For 
instance, if Fig. 6 indicates that dog-leg angles up to 
1.69° could be tolerated, then a value somewhat less 
than 1.69°—namely, f < 1.69 where f is a fraction— 
might have to be imposed for the maximum permissible 
dog-leg angle. The fraction f, which will be called 
“correction factor”, depends upon the following para- 
meters: collar size, survey spacing, dog-leg angle, collar- 
to-hole clearance and hole inclination; it also depends 
on whether the dog-leg is increasing or decreasing. 


FIG. 8-ABRUPT INCREASING DOG-LEGS—(a) COMPRESSION WITH SMALL CLEARANCE OR TENSION WITH ANY 
CLEARANCE; (b) COMPRESSION WITH LARGE Cee EGS TENSION WITH LARGE CLEARANCE IN NEARLY 
VERTICA 
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kTG. 9—ABRUPT DECREASING DOG-LEGS—(a) TENSION OR COMPRESSION WITH SMALL CLEARANCE; (b) TENSION 
OR COMPRESSION WITH LARGE CLEARANCE; (c) COMPRESSION WITH LARGE CLEARANCE; (d) COMPRESSION 
WITH LARGE CLEARANCE, 


The values of the correction factor f for 30-ft spaced 
surveys are given in Figs. 10 through 13 for four sizes 
of drill collars. In all these graphs, f is plotted vs the 
dog-leg angle. Each figure contains three sections de- 
noted a, b and c. Sections a and c must be used for 
increasing dog-legs, and Sections b and c for decreasing 
dog-legs. 


Use of these graphs will be illustrated with the follow- 
ing example. It is desired to determine the maximum 
permissible change of angle between two 30-ft-apart 
surveys at a depth in which the tension in 4% in. drill 
pipe could reach 79,000 lb. The drilling mud is not 
corrosive. At that depth, hole deviation is increasing 
with depth (the average deviation being 5° and surveys 
are made inside 6%4-in. drill collars in 77%-in. hole. 


The problem is solved as follows. From Fig. 6, Point 
J (6%4-in. drill collars, 79,000 1b), we obtain 1.67° for 
the maximum permissible change of angle. From Fig. 
lla, Point N (614-in. drill collars, 1.67°, hole inclina- 
tion 5°, increasing with depth), we obtain f = 0.46. 
From Fig. 11c, Point P (6%4-in. drill collars, 1.67°, 
7%-in. hole), we obtain f = 0.80. As explained in 
the Appendix, of the two obtained values 0.46 and 0.80, 
the largest must be used. Thus, the correction factor f 
is equal to 0.80, and the corrected value of the maxi- 
mum permissible change of angle becomes 0.80 X 1.67 
= 1.34°.* The surveying instruments indicate angles 
within 14°. Thus, the value of 1.34° will be replaced 
by the closest multiple of 14° smaller than 1.34°, i.e., 
by 1%4°. 


As survey readings are made within more-or-less + 
¥e°, the difference of two readings (i.e., the change 
of angle between two surveys) is within + 14°. There- 
fore, in this example the obtained value of 14% ° becomes 
1% —- % = 1°. Thus, the maximum permissible 
change of angle between two 30-ft-apart survey stations 


*These numbers are example numbers in the heavy rectangle in 
Table 1. 
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Repeating the same operations for several tensions 
and several hole inclinations, Table 1 was prepared. 
These tensions correspond to several depths between 
4,000 ft and an assumed total depth of 12,000 ft. The 
tension at a depth is equal to the weight in 10 1b/gal 
mud of 810 ft of drill collars (62,000 lb) and the por- 
tion of drill pipe equipped with tool joints suspended 
below that depth after the hole reaches the total depth. 


At the depth of 10,000 ft the tension is 79,000 lb, 
which is the value used in the preceding example. The 
results of the calculations set out in detail in that ex- 
ample are given in the heavy rectangle in Table 1. The 
upper line would contain a correction factor obtained 
from Fig. lla, if this factor were greater than the 
factor f = 0.80 obtained from Fig. 11c, and written 
in the fourth column of the table. 


In preparing the curves of the correction factor f in 
Figs. 10 through 13, it has been assumed that the drill 
collars are subjected to zero tension. In other words, 
the results are correct if the dog-leg is close to the 
bottom of the already-drilled hole. If, on the other hand, 
the dog-leg is located higher in the collar string and the 
instrument is run on a wire line, then the correction 
factors are somewhat greater than those indicated. In 
other words, in such cases Figs. 10 through 13 give 
somewhat conservative results. 


Figs. 10 through 13 are for abrupt dog-legs. On the 
other hand, in long and gradual dog-legs there would 
be no correction factor; i.e., f would be equal to one. 
Therefore, in a somewhat rounded dog-leg the correc- 
tion factors would be greater than in an abrupt dog- 
leg and, for this reason too, the graphs are on a con- 
servative side. 


In the event surveys are made inside drill pipe, then 
because of drill-pipe flexibility under tension, there is 
no need for a correction factor. 


The smaller the correction factor f, the smaller is 
the maximum tolerable change of angle between two 
surveys. In other words, the conditions are better when 
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TABLE 1—EXAMPLE OF CALCULATIONS OF THE MAXIMUM CHANGE OF ANGLE BETWEEN 30-FT SPACED SURVEYS TO 
PREVENT DRILL-PIPE FATIGUE FAILURES 
4Y/2-in., 16.6-Ib/ft Drill Pipe. Total Depth 12,000 ft. 
810 ‘t of 614-in. Drill Collars. 77/g-in. Hole. 


Correction 
Readings Factor f 
for 41/2-in. Average Inclination 
Drill Pipe ole ae ae With Depth 
Depth Tension From Fig. 6 Glaarance Inclination Decreases With : 
(Ft) (Thous. Lb) (a) 154-in.) 30° 20% 10° 3 3 
4,000 169 0.97 0.505 1 0.94 0.84 0.75 0.56 .54 
0.97 0.97 0.97 0.82 0.72 0.54 0.49 0.49 0.53 0.64 | 0.77 | 0.84 . 
5,000 154 1.06 0.545 ] 1 0.96 0.83 0.73 0.55 — — oo 0.65 0.78 0.85 
1.06 1.06 1.01 0.88 0.77 0.58 0.58 0.58 0.58 0.69 0.82 0.90 | 
6,000 139 1.15 0.59 1 1 0.94 0.81 0.72 —_— — —_— — 0.63 0.76 0.83 
als 1.15 1.08 0.93 0.82 0.68 0.68 0.68 0.68 0.72 | 0.87 | 0.95 | 
7,000 124 1.26 0.64 n 1 0.92 0.79 0.70 —_— — — — — 0.74 0.81 
1.26 1.26 1.16 1.00 0.88 0.81 0.81 0.81 0.81 0.81 | 0.93 | 1.02 
8,000 109 1.37 0.685 1 1 0.91 0.78 — —_— —_ —_— _ —_— 0.73 0.80 
1.24 1.06 0.94 0.94 0.94 0.94 0.94 1 | 
10,000 79 1.67 0.80 1 1 0.87 = 
1.67 1.45 1.34 1 1 .34 1 1 1 .34 1,34 1,34 
114° 1 1 1 1 1 1 
4 91 0.87 0.97 =< = = = 
Bue : My 1.91 1.86 1.66 .66 1.66 1.66 1.66 1.66 1.66 1 66 1.66 1 66 
142° 142° YAS 1% ° 1Y%4° 1%4° 1%4° 1%4° 


*For the meaning of these numbers, see footnote on page 180. 


f is as large as possible. Figs. 10 through 13 show that 
f is larger in packed than in nonpacked holes, in more- 
inclined than in less-inclined holes and, for equal incli- 
nations, in holes whose inclination decreases rather than 
increases with depth. 


FORCE ON TOOL JOINTS 


Fatigue failures are not the only drilling troubles due 
to dog-legs. Another kind of trouble occurs due to the 
fact that in a dog-leg an appreciable force develops be- 
tween the drilling string and the wall of the hole or 
casing (see Fig. 1). This force is responsible for the 
following troubles. 


1. Wear of tool joints and drill pipe. 

2. Keyseats in the wall of the hole. 

3. Grooves in the casing made by tool joints during 
round trips. Such grooves decrease casing resistance to 
both collapse and burst, thus contributing to future 
failures. In some cases, the groove penetrates through 
the entire thickness of casing, causing failure before 
drilling is completed. 


Curves indicated “2,000 lb on Tool Joint” are plotted 
in Fig. 5, 6 and 7. Point Q in Fig. 6 indicates (for 
instance) that for a 412-in. drill pipe subjected to 114,- 
000-Ib tension, a 1° abrupt dog-leg results in a 2,000-Ib 
force between the tool joint and the wall of the hole. 

The force on tool joint is proportional to the dog-leg 
angle. Therefore, it would be easy to draw curves cor- 
responding to any value of the force on tool joint. 


It is difficult to assign some maximum tolerable value 
to the forces between the string and the wall. Such a 
value depends upon numerous factors such as abrasive- 
ness of formation, abrasiveness of tool-joint surface, 
drilling rate, number of round trips, etc. 


A tentative but rather conservative value of the 
maximum tolerable value of the tool joint-to-wall force 
will be determined in the following way. It is recognized 
that, below the surface casing, a hole curvature of 
1.5°/100 ft never causes any trouble. This holds true 
even in deep wells such as 16,000- to 17,000-ft wells 
in the Carter-Knox field in Oklahoma in which, be- 


low the surface casing, 412-in. drill pipe may be sub- 
jected to 250,000-lb tension. A hole curvature of 
1.5°/100 ft corresponds to a 0.45° change of angle 
over a 30-ft interval. Point R in Fig. 6 shows that for 
such conditions the force between the tool joint and the 
wall is about 2,000 lb. Thus, it may be concluded that 
a force of 2,000 lb should be harmless. In most cases a 
greater force could be tolerated. 


The National Supply Co. has provided us with reports 
describing six cases in which severe dog-legs have re- 
sulted in serious damage to tool joints. Metallurgical 
evidence indicated that these tool joints must have been 
subjected to heating by friction beyond 1,450°F. fol- 
lowed by quenching. All the cases occurred in the soft 
Gulf Coast formations in which the tool joints most 
likely buried themselves in the wall of the hole, thus 
making heat dissipation difficult. As directional surveys 
were taken, we were able to calculate the lateral force 
which developed in the dog-legs between the tool joints 
and the wall of the hole. In all cases, these forces were 
of the order of 5,000 or 6,000 Ib. It is probable that 
the troubles would not have occurred had this force 
been no greater than 2,000 Ib. 


When the curve for a 2,000-lb force is used in pre- 
paring specifications of the maximum tolerable dog- 
leg angle, there is no need to use a correction factor 
which would take into account the fact that drill collars 
do not exactly conform with the hole geometry. Similar- 
ly, ¥%° does not have to be subtracted to take into ac- 
count surveying instrumental errors. The reason for this 
is that the acceptability of the 2,000-lb force has been 
deduced from the observed fact that hole curvatures 
up to 1.5°/100 ft do not cause trouble, such hole curva- 
tures being measured with all the errors inherent to 
surveys. 


Table 2 is similar to Table 1. It gives the maximum 
change of angle between 30-ft-apart surveys for which 
the force between the tool joints and the wall of the 
hole does not exceed 2,000 Ib. The composition of the 
drilling string and the total depth are the same as in the 
example of Table 1. The readings from Fig. 6 are 
rounded to the closest smaller multiple of 4°. 
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FATIGUE FAILURES OF DRILL-COLLAR 
CONNECTIONS 


As already mentioned, numerous situations (shown 
in Figs. 8 and 9) may occur when drill collars are 
located in an abrupt dog-leg. These figures are for in- 
creasing and decreasing dog-legs, respectively. 


For small collar-to-hole clearances, the situation is as 
shown in Fig. 8a (for increasing dog-legs) and in Fig. 
9a (for decreasing dog-legs), regardless of whether the 
collars are subjected to tension or compression. 


For large clearances and increasing dog-legs, the situa- 
tion is as shown in Fig. 8a in the case of tension, and 
as in Fig. 8b in the case of compression. 


For large clearances and decreasing dog-legs, the 
situation is as shown in Fig. 9b when drill collars are 
subjected to tension or to neither tension nor compres- 
sion. On the other hand, in case of compression any 
of the situations illustrated in Figs. 9b, 9c and 9d may 
occur. 


In all the cases described up to now, gravity pulls the 
string toward the low side of the hole. Therefore, start- 
ing at some distance below and above the dog-leg, the 
string lies on the low side of the hole. In a nearly 
vertical hole, however, the influence of gravity may be 
very weak; with drill collars under tension, a situation 
as shown in Fig. 8c rather than Fig. 8b may occur. 


The situation of Fig. 8c for drill collars is the same 
as the situation of Figs. 1b and 4 for drill pipe. Drill 
pipe, however, is so much lighter and more fiexible than 
collars that the effects of gravity are negligible, even in 
very inclined holes such as 30°. This is why the effect 
of dog-legs on drill pipe depends neither on hole inclina- 
tions nor on whether the dog-leg is increasing or decreas- 
ing. Hole inclination is not even indicated in Figs. 3, 5, 
6 and 7, which pertain to drill pipe. 


The weakest points in drill-collar string are connec- 
tions. Reasonable estimates of the maximum bending 
moments to which drill collars of various sizes may be 
subjected without any fatigue were calculated from in- 
formation obtained from the Hughes Tool Co. and are 
presented in Table 3. 


Each connection was chosen to give a well balanced 
structure for the particular drill-collar diameter. The 
bending moments are based on a fatigue limit of 9,000 
psi at the root of the pin thread % in. from the 
shoulder. The 9,000-psi value was chosen as a result of 
numerous fatigue tests in which 13,000 psi was an 
average value but where some failures occurred as low 
as 9,000 psi. 


As the drilling fluid has no access to the root of the 
pin, no corrosion considerations have to be taken into 
account. 


TABLE 2—EXAMPLE OF CALCULATIONS OF THE MAXIMUM CHANGE OF 
ANGLE BETWEEN 30-FT SPACED SURVEYS TO MAINTAIN 
LESS THAN 2,000-LB FORCE ON TOOL JOINTS 
AYp-in., 16.6-Ib/ft Drill Pipe. Total Depth 12,000 ft. 
810 ft of 614-in. Drill Collars. 
Maximum Change of 


Depth Tension Angle in Degrees 
(ft) (Ib) From Fig. 6 
4,000 169,000 Yn 
5,000 154,000 
6,000 139,000 fy 
7,000 124,000 

8,000 109,000 1 
9,000 94,000 1 

10,000 79,000 1% 

11,000 64,000 1% 
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TABLE 3—ESTIMATES OF MAXIMUM BENDING MOMENTS TO WHICH DRILL 
COLLARS OF VARIOUS SIZES MAY BE SUBJECTED 
WITHOUT ANY CONNECTIONS FATIGUE 
Size (in.) and Type 


Drill-Collar Bending Moment for 


OD (in.) Connection Fatigue (Ib) Failure 
85/, H-90 1,575,000 
8 65/, Reg. 597,000 
Full Hole 284,000 
4Ve 27s F. 70,600 


For each of these collar sizes, calculations were made 
of the abrupt dog-leg angle for which the connections 
are subjected to a bending moment causing fatigue 
failure. ‘This dog-leg angle is a function of the follow- 
ing parameters: collar-to-hole clearance, amount of ten- 
sion Or compression to which the collars are subjected 
in the dog-leg, hole inclination and whether this inclina- 
tion increases or decreases with depth. 


As already explained in regard to the drill pipe, these 
calculated values of the dog-leg angle first must be 
multiplied by a correction factor f, and then decreased 
by %4° to obtain the maximum difference of angle be- 
tween two surveys for which no fatigue of drill-collar 
connections should occur. 


This maximum difference of angle is plotted for four 
drill-collar sizes in Figs. 14 through 17 vs the average 
hole inclination at two 30-ft-apart stations, both for in- 
creasing and decreasing dog-legs. Each figure comprises 
several sections (denoted a, b, c, etc.) corresponding to 
different hole sizes. Various curves are for various values 
of tension or compression.* 


Fig. 15a shows that in a packed hole the maximum 
difference of angle to avoid collar-connection fatigue 
failures is practically independent of whether the collars 
are under tension or compression and of the amount of 
tension or compression. This graph also shows that the 
phenomena are independent of hole inclination and of 
whether this inclination increases or decreases with depth 
in the dog-leg. In all cases, 6%4-in. drill collars may 
stand up to 1° difference of angle. 


To investigate the effects of moderate drill collar-to- 
wall clearances, Fig. 15b (which is for a 1%-in. clear- 
ance) will be used. Starting from above, the five curves 
are listed in the following order—large compression, 
small compression, zero compression, small tension and 
large tension. This leads to the following conclusion, The 
greater the compression (i.e., the greater the weight on 
bit), the smaller become the odds of drill-collar-con- 
nection failures. This is rather unexpected. A visual 
although non-rigorous explanation is that the greater 
the compression, the easier it becomes for pipe to be 
bent around a corner. Another conclusion is that tension 
is worse than compression. When rotating with the bit 
off bottom, the upper portion of the drill-collar string 
is subjected to a tension equal to almost the entire 
weight of collars. If this portion is in a dog-leg, it suffers 
more from fatigue than any point on the collar string 
while drilling, regardless of dog-leg location. One shouid 
avoid rotating drill collars in a severe dog-leg under 
high tension. If, for instance, a severe dog-leg is located 
at the level of the upper portion of the collar string and 
it is necessary to rotate with the bit off bottom for any 
appreciable length of time, one should consider pulling 


*The meaning of the word “tension” in this paper is the actual 
tension plus pa, where p is the static drilling-fluid pressure at the 
dog-leg depth, and a is the cross-sectional area of the collar wall. 
Similarly, the meaning of ‘‘compression”’ is the actual compression 
minus pa. The meaning of the expression “neither tension nor com- 
pression” is that the compression is equal to ya, which is the con- 
dition at the neutral point. It is proved in Refs. 9, 10 and 11 that 
bending depends upon tensions and compressions as defined herein. 
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the string several stands off bottom to decrease the ten- 
sion in the dog-leg, thus prolonging drill-collar life. 


In the right-hand half of Fig. 15b, the curves are 
almost horizontal, straight lines. This means that, in 
dog-leys in which the inclination increases with depth, 
dog-legs of equal angles have the same effect on fatigue 
of collar connections, regardless of hole inclination, In 
other words, a 1° dog-leg in a 20° inclined hole is no 
worse than a 1° dog-leg in a nearly vertical hole. 


On the other hand, in the left-hand half of the 
graph, the curves corresponding to tension are sloping 
down to the left. This means that, in dog-legs in which 
the inclination decreases with depth, dog-legs of the 
same angle are worse in very inclined holes than in 
holes which are closer to vertical. The previously stated 
conclusion that tension is worse than compression, so 
far as dog-leg effects on drill-collar connections are 
concerned, holds true to an even greater extent for dog- 
legs in which the inclination decreases with depth than 
in holes in which the inclination builds up with depth. 
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FIG. 14—MAXIMUM DIFFERENCE OF ANGLE OVER A 
30-FT INTERVAL TO AVOID DRILL-COLLAR-CONNEC- 

TION FATIGUE FAILURES, 44%-IN. COLLARS. POSITIVE 
® = TENSION AND NEGATIVE © = COMPRESSION, 
BOTH IN POUNDS PER INCH OF HOLE DIAMETER. 
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Figs. 15c and 15f are used for greater collar-to-hole 
clearances, namely, 234 and 6 in., respectively. For 
234-in. clearance, all the conclusions reached for a 
15@-in. clearance still hold true except for very large 
compressions (i.e., for the 8,000-Ib/in.-of-hole-diameter 
curve). For a 6-in. clearance, several other exceptions 
appear. It becomes very difficult to draw any conclusions 
except that, for both large tensions and large compres- 
sions, even small changes of angle result in fatigue of 
collar connections. Figs. 14e and 14f show that the 
situation is even much worse for small (4%-in.) collars. 
In any event, it is recommended that no drilling be done 
under such conditions. If it were necessary, however, to 
drill large holes with small collars, then the weight on 
bit and the weight of collars should be small. 


It has been explained in the drill-pipe section of this 
paper that there is a limiting value of survey spacing 
such that, for any spacing greater than the limiting 
value, more severe conditions result from assuming an 
abrupt dog-leg rather than a long and gradual dog-leg. 
For drill-pipe, this limiting value was 30 ft due to tool 
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joint spacing. On the other hand, this limiting value is 
variable for drill collars and depends on the size of 
collars, size of hole, hole inclination, dog-leg angle and 
the amount of tension or compression. This limiting 
value is frequently less than 30 ft. Because it would not 
be practical to use a variety of spacings, computations 
of the maximum difference of angle to avoid collar- 
connection fatigue failures were made not only for 30- 
ft spacings, but also for 20- and 15-ft spacings. In 
the calculations either an abrupt or a gradual dog-leg 
was assumed, whichever corresponded to more severe 
effects. 


In some cases, results such as the following have 
been obtained: maximum difference of angle for 30-ft 
spacing, 1°; for 20-ft, 1°; and for 15-ft, 34°. In such an 
event, taking a shorter spacing than 30 ft could be use- 
ful. On the basis of a 30-ft interval, for instance, a 
difference of 142° would be unacceptable. However, if 
an intermediate survey indicates that over each of the 
15-ft sub-intervals the difference is only 34°, the hole 
actually would be acceptable. 


WCUNATION DECREASES 


In other cases, results such as the following have 
been obtained: maximum difference of angle for 30-ft 
spacing, 134°; for 20-ft, 1°; and for 15-foot, %°. In 
such case, a shorter spacing than 30 ft is not useful; 
consider, for instance, a 15-ft spacing. Two times 2° 
still is less than the 134° allowed over a 30-ft interval. 


It has been found that spacings shorter than 30 ft 
are uSeful only for small collars (such as 4% in.) and 
in packed holes for medium-size collars (such as 6% 
and 8 in.). For these cases, values of the maximum 
change of angle to avoid fatigue failures of drill-collar 
connections are given in Table 4 for 30-, 20- and 15-ft 
spacings. 

Comparison of Figs. 14a, 15a, 16a and 17a shows 
that for equail clearances the maximum permissible 
difference of angle between two 30-ft surveys may be 
less for larger-diameter collars than for smaller ones. 
It should not be concluded, however, that large-diameter 
collars are less desirable. On the contrary, drilling with 
larger (i.e., stiffer) collars is better because it must 
actually result in less severe dog-legs. 
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MAXIMUM PERMISSIBLE, CHANGE OF ANGLE 


The maximum permissible change of angle is ob- 
tained by choosing the smallest of the three following 
values: the one for drill-pipe fatigue, the one for 
2,000-lb-on-tool-joint force or the one for fatigue of 
drill-collar connections. 


Consider the example with which Table 1 for drill 
pipe has been prepared. Combining Tables 1 and 2 
with Fig. 15b leads to the choice of several possible 
conclusions, two of which are given as follows. 


1. Table 1 remains valid except that, for inclinations 
of 20° and 30° decreasing with depth, the values 114° 
and 112° must be replaced by 1°. 


2. Table 1 remains valid except that, for inclinations 
of 20° and 30° decreasing with depth, the values of 
14%2° must be replaced by 11%4°, and the following re- 
mark is added. “Whenever the change of angle over a 
30-ft interval is greater than 1° in a hole whose in- 
clination is greater than 10° and decreasing with depth, 
drill collars must not be rotated for any prolonged 
period of time under full tension in the dog-leg”, 


Using Method 2, the example in Table 5 of the maxi- 
mum permissible change of angle over a 30-ft interval 
has been prepared. 


Figs. 14, 15, 16 and 17 are for 4%-, 61%4-, 8- and 
11-in. drill collars, respectively. Consider some other 
collar size such as, for instance, 7 in. Then, the best 
procedure first is to prepare tables similar to Table 5 
for 644- and 8-in. collars and, thereafter using inter- 
mediate results, make a table for 7-in. collars. 


Most of the maximum changes of angle in Table 5 
were obtained from fatigue considerations. For greater 
changes of angle, either drill pipe or drill-collar con- 
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nections are subjected to a certain number of revolu- 
tions, say a few tens of thousands, during which the 
steel is subjected to fatigue. However, fatigue failures 
generally occur after a much greater number of revolu- 
tions, say several million. Therefore, the detrimental 
effects of fatigue are not noticeable immediately, They 
simply result in shortening the life of either drill pipe 
or drill-collar connections. It is believed that the prac- 
tices proposed in this paper should result in appreciable 
savings due to longer life of drill pipe and drill-collar 
connections. 


For dog-legs which are far from the total anticipated 
depth, fatigue is more severe on drill pipe than on 
drill-collar connections. It should be realized, however, 
that pipe fatiguing occurs only when the drill pipe is 
under full tension, i.e., when drilling close to total 
depth, Therefore, one could contemplate accepting a 
greater change of angle than indicated in Tables 1 and 
5 if some lengths of drill pipe (namely, those located 
in the dog-leg toward the end of drilling) were marked 
and later discarded from heavy-duty operations. 


For dog-legs which are close to the total anticipated 
depth, the most fatigue occurs in drill-collar connec- 
tions. In these cases, however, one could also accept 
greater changes of angle than indicated in Table 5, if 
drill collars are removed from the string after the dog- 
leg is found and later added one-by-one so as to have 
them rotating only below the dog-leg, as is done now 
in directional drilling. 


If a greater change of angle than indicated in Tables 
2 and 5 results in a tool joint-to-wall force greater than 
2,000 lb, then (as already explained) this too could 
often be acceptable. Therefore, Table 5 should be con- 
sidered as an ideal requirement, from which several 
exceptions might be tolerated. 
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TABLE 4—MAXIMUM CHANGE OF ANGLE BETWEEN SURVEY STATIONS TO AVOID FATIGUE FAILURES OF DRILL-COLLAR CONNECTIONS 
FOR 30-, 20- AND 15-FT SPACINGS* 


Tension (Pos.) 
or Compression 


Collar Hole (Neg.) (Thous. 


Average Inclination** 


Size Size Clear. Lb/In. of Inclination Decreases With Depth Inclination Increases With Depth 
(In.) (In.)  (In.) Hole Diameter) 30° 20° 10° 0° 10° 20° 30° 
= (1% (1% I, (1 (1% 1% (1%) [1 1% (1%) [1 1% (1%) [1 
4 1% )L 1% (1%) 
te) 1% (1%) [1 J] 1% (1%) ] 
4 % ( %)C 1%(1 )C %) 
0 1% (1%) 11 J] 1%(1%) J 
4 SAN SANE (GL WA: [%4] 
0 1%(1%) 01 J 1%(1%) (1 J 
= ] 
3 2 2 I, ( Vp 
8 83/4, 8 
4 (3/4) ( %) ( 3%) ( %) ( %) % ( 
0 % ( ( %) ( %) ( %) ( 3%) % ( 
—4 ( 3/4) % ( 34) ( %) ( %) % ( %) ( %) 
—8 % ( ( %) ( %) ( ( ( %) ( 


*For complete 30-ff Spacing Information, see Figs. 14, 15, 16 and 17. 


**Numbers in parentheses ( 


) are for 20-ft spacing; those in brackets [ ] are for 15-ft spacings. 


For small tensions, the fatigue curve and the yield- 
ing curve in Figs. 5, 6 and 7 are far apart. The distance 
between these two curves decreases with increasing 
tension and becomes very small for large tensions. 
This means that, for very large tensions, failure should 
occur very fast if operating in conditions represented by 
points located to the right of the fatigue curve, and 
dog-legs causing drill-pipe fatigue should never be 
tolerated. 


BEAM PUMPING TROUBLES DUE TO DOG-LEGS 


Some beam pumping troubles probably are due to 
dog-legs. Frequently, however, troubles such as rod-on- 


TABLE 5—EXAMPLE OF MAXIMUM CHANGE OF ANGLE BETWEEN 30-FT 
SPACED SURVEYS TO PREVENT FATIGUE FAILURES OF BOTH DRILL 
PIPE AND DRILL-COLLAR CONNECTIONS, AND TO KEEP THE 
TOOL JOINT-TO-WALL FORCE WITHIN 2,000 LB. 


4V2-in., 16.6-lb/ft Drill Pipe. Total Depth 12,000 ft. 
816 ft of 614-in. Drill Collars. 77/g-in. Hole. 


tubing wear or excessive friction interfering with effi- 
ciency are attributed to crooked holes, while they are 
actually due to buckling of tubing.” In any event, it 
is believed that dog-legs should cause no beam pump- 
ing troubles if the changes of hole angle are within 
the limits recommended in this paper. 


SPACING BETWEEN SURVEYS 


Let us now seek answers to the following frequently 
asked questions. How close should surveying stations 
be? Should surveys be directional? 

With a very large survey spacing, such as 400 ft, 
some dog-legs could remain undetected because between 
surveys the hole inclination could first increase and 
then decrease. Similarly, nondirectional surveys could 
miss detecting dog-legs due to a change in the direc- 
tion of the well, which often happens when drilling 
through an unconformity. On the other hand, such 
dog-legs would always be detected with 30-ft spaced 


Depth Interval For Inclinations For Inclinations : 
(ft) With Depth Decrecsingi With Death directional surveys, but this is expensive. E. P. Rosser, 
4,000- 5,000 14° ih? Noble Drilling Co., pointed out at a recent API Mid- 
5,000- 6,000 V2 ID Maha Continent Study Committee meeting that, in Central 
A for Incins. Oklahoma, surveying costs are often as high as $.50/ft 
6,000- 7,000 Incline: for rig-time only. Therefore, the decision regarding the 
ena surveying interval and the fact of whether surveys 
4 
, betwn. 10° and 30° should or should not be directional must be based on a 
@ i, . 
compromise between a risk of trouble and the cost to 
for Incins. prevent the trouble 
betwn. 5° and 30° ‘ 
8,000- 9,000 —'¥2° for inclinations Ya° for Incins. If no unconformities are expected, inclinometer sur- 
up to 20° up to 5 5 : 
for inclinations for Inclns. veys only (and not directional ones) should be taken. 
20 If past experience indicates that no dog-leg troubles 


betwn. 20° and 30° 


should be expected and that bit footages are not ex- 


tremely long, one survey per round trip could suffice. 
. io: and 30° On the other hand, if crooked hole formations are 

10,000-11,000 1° is alee expected, directional surveys and/or more frequent sur- 
1Y%°* for Incins. - veys than one per round trip could be requested. How- 

11,000-12,000 ever, it is hoped that one survey per round trip will 


up to 10° 
114°* for Inclns. 
betwn. 10° and 30° 
*For these conditions, drill collars must not be rotated for any prolonged 
period of time under full tension in the dog-leg. 
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suffice in most cases if used in conjunction with a 
practice proposed herein. 


This practice consists of preparing in advance of 
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drilling a table such as the example Table 5, indicating 
the maximum permissible change of angle (or change 
of the over-all angle if surveys are directional) between 
two successive survey stations for various depths and 
other conditions, In the examples which follow, this 
maximum permissible change of angle will be 1° and 
the surveys will be nondirectional. 


Consider first the following example of two succes- 
sive surveys: at 10,100 ft, 13°; and at 10,280 ft, 14°. 
As the change of angle is only 1° (14-13), drilling 
may proceed. 


Consider now the following example: at 10,100 ft, 
13°; and at 10,280 ft, 14142°. This time, the change of 
angle is 142° (1412-13), which is more than the 
maximum permissible value of 1°. However, this does 
not mean that the hole is necessarily unacceptable. 
Rather, it means that surveys at intermediate depths 
are needed. Assume first that with one intermediate 
survey the results are as follows: at 10,100 ft, 13°; at 
10,190 ft, 14°; and at 10,280 ft, 1414°. Since the 
greatest change of angle between two successive surveys 
is 1° (14—13), drilling may proceed. 


Second, assume that with one intermediate survey 
the results are: at 10,100 ft, 13°; at 10,190 ft, 141%4°; 
and at 10,280 ft, 1412°. Since the greatest change of 
angle is 144° (14%4—13), which is more than the 
maximum permissible value of 1°, additional surveys 
must be taken between 10,100 and 10,190 ft, the 
shortest interval generally being 30 ft. Assume first that 
the results are: at 10,100 ft, 13°; at 10,130 ft, 1314°; 
at 10,160 ft, 14°; and at 10,190 ft, 141%4°. As the 
greatest change of angle between two successive surveys 
is %4° (14—13%), drilling may proceed. 


Second, now assume that the results are: at 10,100 
ft, 13°; at 10,130 ft, 14144°; at 10,160 ft, 144%2°; and 
at 10,190 ft, 141%4°. 


Since this time the greatest change of angle between 
two successive surveys is 114° (144% — 13), which is 
too much, the hole must be considered unsatisfactory. It 
could be reamed and then surveyed again. In the event 
the unsatisfactory condition remains, the hole might 
have to be side-tracked. 


As already explained in this paper, closer than 30-ft 
spacings may be necessary either when 4'%-in. drill 
collars are used or in packed holes with larger collars. 


An advantage of the technique explained in the afore- 
mentioned examples consists of savings in surveying 
costs because short-spaced surveys, such as 30-ft ones, 
would be taken only exceptionally. 


SHORTCOMINGS OF THE, 
PROPOSED TECHNIQUE 


In the section “Survey Errors”, a numerical example 
was given pertaining to prevention of drill-pipe fatigue 
failures. In that example, 4'%2-in. drill pipe was sub- 
jected to 79,000-lb tension, and the calculated maxi- 
mum permissible change of angle between two stations 
30-ft apart was 1°. 


For larger tensions, calculated values as small as 
Y%° or even zero may be obtained. On the other hand, 
it has been shown in the section entitled ‘Force on 
Tool Joints” that according to field practice a change 
of angle of 142° (0.45° rounded here to %2°) between 
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two 30-ft-apart surveys is generally harmless. One 
reason for this contradiction is that several simplifying 
assumptions were made, all on the safe side. Among 
them, one could mention that the Goodman diagram 
used is possibly too conservative; the tension to which 
drill pipe is subjected is assumed to be due not only 
to its own weight, but also to the weight of drill collars 
(actually, except when rotating off bottom, the weight 
of collars is applied to the bit); the survey correction 
factor due to drill collars’ not conforming with hole 
geometry was calculated assuming zero tension in the 
diill collar at the survey level, which is not always 
the case. 


Therefore, it seems that whenever a calculated re- 
sult is smaller than %2° it may be replaced by %2°. By 
the same token, it seems that results which are larger 
than 14° are safe and should be used with confidence 
even if they are more lenient than present practices. 


Use of presently available surveying methods is not 
very suitable for measuring changes of angle over close- 
spaced stations, because of inherent errors already ex- 
plained in detail in this paper. Development of instru- 
ments especially adapted to that purpose could result 
in more leniency regarding the changes of hole angle 
than through use of the methods proposed in this 
paper, based on presently available instruments. 


Present surveying methods cannot detect a so-called 
“ledge” in the hole (see Fig. 18), which might be as 
harmful as a dog-leg. On the other hand, in a hole in 


_ which the angle changes back and forth over short 


distances, the calculated conditions might be much 
more stringent than the actual situation. 
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APPENDIX 


DIFFERENTIAL EQUATIONS 
AND THEIR SOLUTIONS 


Let 8 denote the average hole inclination in a sec- 
tion containing a dog-leg. Let Q denote the weight in 
fluid per unit length of pipe. Q may be resolved into 
components Q cos # in the average direction of hole 
axis, and Q sin 8 in the perpendicular direction. The 
component Q sin £ is a lateral load. The component 
Q cos £ will be disregarded, which means that the pipe 
will be assumed to be subjected to a constant longi- 
tudinal force. Such an assumption is perfectly valid 
for large tensions or compressions, for which the varia- 
tion of the longitudinal force over a short length under 
consideration is small compared to this force itself, 
On the other hand, for small tensions or compressions, 
the component Q cos f should be retained and the 
problems treated by the means used in Ref. 9. For the 
sake of simplicity, however, this was not done. It is 
felt that the results are sufficiently good for the pur- 
pose pursued here. 

In tension, the elastic line is always a plane curve. 
In compression, on the other hand, the elastic line may 
either be a plane or a non-plane curve. However, in 
Ref. 13 it is shown that, in cases of geometrically 
straight but inclined holes (i.e., in presence of no dog- 
legs) in almost any actual situation encountered in 
drilling, the elastic line is a plane curve. It is believed 
that the same holds true in presence of dog-legs, and 
the elastic line will be assumed to be a plane curve, 

Consider a Portion OA of a pipe shown in Fig. 19. 
Let O be the origin of co-ordinates and let the X-axis 
be parallel to the pipe at O. Let Q sin £ be the lateral 
load per unit length, T the tension (both constant 
throughout the length of the pipe) and let S, be the 
shear at O. Finally, let c, be the curvature of the pipe 
at O. 

The bending moment at any point along the pipe is 


x 
JEG. = | (Q sin B)X dx, 


where E is the Young’s modulus of steel, and J is the 
moment of inertia of the pipe cross-section with re- 
spect to its diameter. 

Performing the integration and equating this ex- 
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pression to El(d°Y/dxX*), the following differential 
equation of the elastic line is obtained. 


So Q sin B 
in which 


It may be checked that the solution of Eq. 1, satisfy- 
ing the boundary conditions at Point O, is 


(cosh KX—1) + 5, (sinh KX — KX) 


in which 

5 

and 


The rule regarding the signs of g and s, is the same as 
that pertaining to Q sin 8 and S,. 


Following the same route, but for compression C in- 
stead of tension T, the following equations are obtained. 


Cc 
Y= rake (1—cos KX) + s, (KX —sin KX) 
and 


If the pipe is subjected to neither tension nor com- 
pression, then the term K’Y is not present in the dif- 
ferential Eq. 1t, and its general solution becomes 


in which 
Qsin 
(4n) 
and 
Yh 
A 
So Qsing 
x 


! 


FIG. 18 (LEFT)—LEDGE, UNDETECTABLE 
WITH SURVEYS. 
FIG. 19 (RIGHT). 
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So 

In this first section of the Appendix, similar equa- 
tions are denoted by the same numerals followed by 
letters “t”, “c” or “n”, respectively, for the cases of 
tension, compression, or neither tension nor compres- 
sion. Both letters “t” and “c” are used to denote equa- 
tions pertaining to both tension and compression, but 
not to the case of neither tension nor compression. 


Ss (5n) 


Further in this Appendix, reference will be made to 
these equations, but without any letter, for instance 
to Eq. 3. This will mean either Eq. 3t, 3c, or 3n, which- 
ever may be the case. 


DRILL PIPE UNDER TENSION IN 
GRADUAL AND LONG DOG-LEGS 


Consider drill pipe under tension in an increasing 
gradual and long dog-leg shown in Fig. 20, The co- 
ordinate axes are so chosen that the equations derived 
from Fig. 19 remain valid. In these equations, the pipe 
curvature c, may be considered as known because it 
easily can be obtained from Eq. 7. 


D = the diameter of drill pipe, and 
o = the reversible bending stress obtained from 
the modified Goodman diagram (Fig. 2). 


Let 2L denote the length of drill pipe between two 
tool joints. By reasons of symmetry, the pipe is parallel 
to the hole axis at XY = L. Let a denote the angle by 
which the hole turns over the length L. If R is the 
radius of curvature, then L = Ra. Let c denote the 
hole curvature; i.e., c = 1/R. 


Therefore, 
Thus, a boundary condition of the elastic line is 
dY 


Assume that there is no pipe-to-wall contact at 
X = L. Then, because of symmetry, another boundary 
condition expresses the fact that the shear at X =L 
is nil. 


Substituting Eq. 3t into Eq, 10, we obtain 

Substituting Eqs. 3t and 11 into Eq. 9, we obtain 

where 


For every value of tension (i.e., of the ordinate in 
Fig. 3), o is obtained from the modified Goodman 
diagram of Fig. 2; c, is then calculated with Eq. 7; 
K with Eq. 2t; c’ with Eqs. 4tc and 6t; c’ with Eq. 12; 
and, finally, c is obtained from Eq. 13. ¢ is the hole 
curvature in radians per inch. (1 radian/in. = 0.06876° 
/100 ft.) c is the abscissa in Fig. 3. 
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x 
FIG. 20—INCREASING, GRADUAL AND LONG DOG-LEG. 


Fig. 21 is similar to Fig. 20, except that it is for a 
decreasing dog-leg. From these two figures it is self- 
evident that all the equations derived for increasing dog- 
legs hold true also for decreasing ones, if in numerical 
problems positive values are substituted for g in cases 
of increasing dog-legs, and negative values in cases of 
decreasing dog-legs. 


If gravity forces are neglected, in the previous for- 
mulas gq = o, c’ = ¢ and c’, = c,. It has been found 
that in such a case, except for tensions which are less 
than the weight of drill collars, the effects of gravity 
are negligible. This is why they have been disregarded 
in calculating with Eq. 12 the fatigue curve of Fig. 3. 


Eq. 12 holds true only if there is no contact at 
X = L, Conditions under which this contact occurs will 
now be investigated. 


The amount by which drill pipe must be deflected at 
X =L to contact the wall of the hole is a sum of two 
terms. One of these terms, denoted r,, is 
Dp ». 

where Dy, is tool-joint OD, and Dy». is drill-pipe OD. 


The other term, denoted U and shown in Fig. 22, is 
due to hole curvature. From this figure, we have 


R? +L? = (R + U)’; 


r= 


Neglecting the last term because U is small compared 
to R, 


2 
Thus, the sought relation is 


Substituting Eq. 11 into Eq. 3t and the result into 
Eq. 14, we obtain in view of Eq. 13, 

KL sinh KL — (cosh KL — 1) Zr: 

(KL)? cosh KL 

(15) 


The yield curve in Fig. 3 has been calculated with 


Ce 
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where 


FIG, 21--DECREASING GRADUAL AND LONG DOG-LEG. 


DRILL COLLARS IN ABRUPT DOG-LEGS 


There are 18 cases of drill collars in abrupt dog- 
legs. These cases depend on: (1) whether the dog-leg is 
increasing (Fig. 8) or decreasing (Fig. 9); (2)— 
whether the collars are subjected to tension, compres- 
sion or zero longitudinal force; and (3) the number 
of contacts with the wall of the hole. 


The number of equations corresponding to such a 
large number of cases is far too great to be fully de- 
rived here. Instead of this, only the methods of deriva- 
tion will be explained. The origin of co-ordinates was 
chosen at the Point 0 in Figs. 8 and 9, which is a 
point of contact with the wall of the hole at which the 
elastic line is parallel to the hole. In the event there are 
two such points, as in the cases of Figs. 9a and 9c, the 
origin is placed at the point which is closer to the middle 
Point A of the dog-leg. In all cases, the X and Y axes 
were chosen parallel and perpendicular to the hole, re- 
spectively. Therefore, the equations derived in the first 
section of the Appendix do apply. 

Consider first the Sections OB in Figs. 9a and 9c 
where B is the point of contact with the low side of 
the hole. The following boundary conditions must be 
satisfied at Point B. 


dY 
0; (17) 

and 


where r is the diametral collar-to-hole clearance. Using 
Eq. 3, the three unknowns c’, (or c,), s, and the Dis- 
tance OB are calculated with Eqs. 16, 17 and 18. 
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FIG. 22 


Consider the Section OA in Figs. 9a and 9c. There is 
no discontinuity of the bending moment at Point O be- 
tween the Sections OB and OA. Therefore, the curva- 
ture c, at Point O is the same in both sections; and, in 
view of Eq. 6. c’, is also the same. Thus, c’, and co of 


the Section OA are known. 


Consider now the Section OA in all the remaining 
cases of Figs. 8 and 9, except 8c which will be treated 
further in this paper. In all these cases co = O; there- 
fore, c’, is also known in view of Eq. 6. 


In all the cases of Figs. 8 and 9, the following 
boundary condition must be satisfied at Point A. 


CON 19 
Bel 


where M is the bending moment for fatigure of drill- 
collars connections. Values of M for a few collar sizes 
were given in the body of the paper. 

The second boundary condition at A depends on 


whether there is or there is not a collar-to-wall contact 
A. If there is contact, the boundary condition is 


and if there is no contact, in view of symmetry at A, 
aY 

(2) 


Using Eq. 3, the two unknowns s, and the Distance OA 
are calculated, either with Eqs. 19 and 20, or with Eqs. 
19 and 21. 


At the Point A, we also have 


where a is one-half the dog-leg angle in radians. Using 
Eq. 3, in which all the coefficients are either known or 
have already been calculated, a is calculated with Eq. 

In Figs. 8a, 9a and 9b, drill collars contact the wall 
at Point A, which is possible only if the reaction of the 
wall of the hole on the collar is positive and which, in 
turn, requires that 


aY 
(23) 


Whenever Inequality 23 is not satisfied, calculations 
based on the assumption that there is contact at A must 
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be discarded, and calculations based upon the assump- 
tion that there is no such contact must be made. 


In Figs. 9a and 9c, drill collars contact the wall at 
Point O, which is possible only if the reaction of the 
wall of the hole on the collar is positive and which, 
in turn, requires that 


(S.) section OA section OB O . (24) 


Whenever Inequality 24 is not satisfied, a case different 
from that of Figs. 9a and 9c must be assumed. 


Consider now Fig. 8a in the case of tension and 
negligible gravity forces. The relationships presented 
symbolically as Eqs. 19, 20 and 22 greatly simplify 
and become 


; 
1 M sinh KP — KP 
and 


where P is the Distance OA. 


In absence of gravity (8 = g = O) which pulls the 
string toward the low side of the hole, the collars may 
lose contact at Point O but not at A. This situation, 
which is shown in Fig. 8c, occurs for KP = o, i.e., in 
view of Eq. 26, for r = M/(K’EI). Thus, the case of 
Fig. 8c requires that the three following conditions be 
fulfilled—(1) no gravity forces; (2) tension; and (3) 

In such case we obtain, eliminating s) between Eqs, 25 
and 27 and making KP = o, 
with which a is calculated. 

Using Eqs. 29 and 22 it has been found that, for drill 
collars in abrupt dog-legs, neglecting gravity forces is 
valid in holes which are nearly vertical. 


r2 (28) 


a 


(29) 


As an example of the results obtained for drill collars 
in abrupt dog-legs, four figures for 6%4-in, collars have 
been prepared: Fig. 23a for a tension of 4,000 Ib/in, of 
hole diameter; Fig. 23b for neither tension nor compres- 
sion; and Figs. 23c and 23d for a compression of 4,000 
lb/in. of hole diameter. The abscissa is the diametral 
collar-to-hole clearance r, and the ordinate is the dog- 
leg angle 2 @ in degrees. Various curves are for various 
values of the average hole inclination (, either in in- 
creasing or in decreasing dog-legs. 


Table 6 indicates to which cases of Figs. 8 and 9 
correspond various curves in Figs. 23a, 23b, 23c and 
23d. 


Dog-leg angles 2 a at which fatigue of collar connec- 
tions occurs were calculated for numerous other situa- 
tions than those plotted in the afore-mentioned figures. 
The obtained values of 2 a were used in calculating 
the correction factor f with the equations derived in the 
next section. Finally, 2 a f — 0.25 was plotted in Figs. 
14, 15, 16 and 17, and some of the results also are 
given in Table 4. 
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DRILL COLLARS IN GRADUAL 
AND LONG DOG-LEGS 


Since there are no tool joints in a drill-collar string, 
drill collars generally assume the same shape as the 
hole in a gradual and long dog-leg. Therefore, the hole 
curvature at which fatigue of connections occurs is 


El 
The limiting value of survey spacing, above which 
assuming an abrupt dog-leg results in more severe 
conditions than assuming a gradual and long one, is 
equal to the ratio of 2 a calculated with Eq. 22 over c 
obtained with Eq. 30. 


DRILL PIPE UNDER TENSION 
IN ABRUPT DOG-LEGS 


In the case of drill pipe, Eq. 29 may be written 


in which c, is known from Eq. 7. 


Using Eqs. 31 and 22 in investigating drill pipe under 
tension in abrupt dog-legs, it has been found that (as 
for gradual dog-legs) neglecting gravity forces is justi- 
fied even in very inclined holes, except for tensions 
which are smaller than the weight of drill collars. 


Figs. 5, 6 and 7 were prepared with Eq. 31, in which 
Co was Obtained from Eq. 7. For fatigue curves, o in 
Eq. 7 was obtained from the modified Goodman diagram 
(Fig. 2). For yielding curves, o in Eq. 7 is the yield 
strength of Grade E steel, i.e., 75,000 psi. 

The expression of the force F between a tool joint 
in an abrupt dog-leg and the wall of the hole is ob- 
tained from equilibrium considerations, a being small, 
this expression is 


The 2,000-lb curves in Figs. 5, 6 and 7 were calculated 
with Eq. 32. 


CORRECTION—FACTOR f 


INCREASING DOG-LEGS 


Consider drill collars subjected to zero tension and 
located in an increasing dog-leg. Furthermore, consider 
first that the case is that of Fig. 8b and not 8a, i.e., that 
Eq. 23 is not satisfied. Instead of Eq. 23, however, we 


TABLE 6—CORRELATION OF FIGURES 


In Corresponds to 

Curve Fig. No Case of Fig. No. 
AB 23a 9a 
BC 23a 9b 
AD 23a 8a 
DE 23a 8c 
AF 23a 8a 
GH 23b 9a 
HI 23b 9b 
GJ 23b 8a 
KL 23d 9a 
LM 23d 9c 
KN 23d 9a 
NO 23d % 
OP 23d 9d 
KQ 23d 9a 
QR 23d 9b 
KS 23¢ 8a 
ST 23c 8b 
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REMARKS: £8 IS AVERAGE HOLE INCLINATION 
(I} MEANS “INCREASING DOG-LEG" 
(D) MEANS "DEGREASING DOG-LEG* 


> 


\ 


u 


B=\0°(D) 
B=20°(D) 
—B=30° (D) 


DOG-LEG ANGLE 2a, DEGREES 


2 3 4 5 6 
COLLAR-TO-HOLE DIAMETRAL CLEARANCE I, INCHES 


FIG. 23a—FATIGUE OF 614-IN. DRILL-COLLAR CONNEC. 


TIONS IN ABRUPT DOG-LEGS. TENSION = 4,000 
LB/IN. OF HOLE DIAMETER. 


“REMARK: 8 IS AVERAGE HOLE INCLINATION 


5 
wu 4 
© 
a 
N 3 
30° 
T 
% 2 3 4 6 7 


COLLAR-TO-HOLE DIAMETRAL CLEARANCE r, INCHES 


FIG. 23-—FATIGUE OF 6144-IN. DRILL-COLLAR CONNEC. 
TIONS IN ABRUPT INCREASING DOG-LEGS. COM- 
PRESSION = 4,000 LB/IN. OF HOLE DIAMETER. 


shall now use the following condition which must held 
true in the case of Fig. 8b. 


in which 
(34) 


where r is the collar-to-hole diametral clearance, and 
riim is the smallest value of r for which the case of Fig. 
8b is possible. 

Substituting Eq. 3n into Eqs. 21 and 22, eliminating 
s’, between them and solving for P, 


q 


Substituting Eq. 3n into Eqs. 21 and 34, eliminating 
s’ between them, and substituting P from Eq. 35, we 


obtain 


8 q 

Referring to Fig. 8b, let S be a survey staticn, the 
Point A being assumed to be halfway between two 
stations, Let Z denote the Distance AS, i.e., half the 
survey spacing. Then the expression of the correction 


factor f is 
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REMARKS: { IS AVERAGE HOLE INCLINATION 
(I) MEANS "INGREASING DOG-LEG" 
(D) MEANS "DECREASING DOG-LEG" 
(| 
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COLLAR-TO-HOLE DIAMETRAL CLEARANCE ¥, INCHES 


FIG. 23b—FATIGUE OF 6%4-IN. DRILL-COLLAR CONNEC- 
TIONS IN ABRUPT DOG-LEGS. CASE OF NEITHER 
TENSION NOR COMPRESSION. 


REMARK: B IS AVERAGE HOLE INCLINATION 
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COLLAR-TO-HOLE DIAMETRAL CLEARANCE. r, INCHES 


FIG. 23d—FATIGUE OF 6144-IN. DRILL-COLLAR CONNEC. 
TIONS IN ABRUPT DECREASING DOG-LEGS. COM- 
PRESSION = 4,000 LB/IN. OF HOLE DIAMETER. 


ff 


Substituting Eq. 3n into Eqs. 21, 22 and 34, solving 
for q’, P and s’, , and substituting these into Eq. 37, we 


ebtain 
in which 
8 Prim 


Consider now the case of Fig. 8a. Substituting Eq. 3n 
into Eqs. 22 and 20 and eliminating s’, between them, 
we obtain 

Substituting Eq. 3n into Eqs. 22 and 20, solving for s% 
and q’, and substituting these into Eq. 37, we obtain 


P 

Thus, to calculate f one must first obtain 7,,,. from 


Eq. 36. Then, if Inequality 33 is satisfied, f is calculated 
with Eqs. 38 and 39. On the other hand, if Eq. 33 is not 
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=20° (I) 
=10° (1) 
| 
—— 


satistied, Eq. 40 must be numerically solved for P and, 
thereafter, f calculated with Eq. 41. 

In the first of these two cases, f depends on q’, Le., 
on 8 in view of Eq. 4n, but not on r. On the other 
hand, in the second case f depends on both r and q’. 
However, it has been found through numerical substitu- 
tions that, actually, f depends strongly on r and very 
little on gq’. Furthermore, it has been found that a 
sufficiently good approximation consists of calculating 
the second case by the same means as the first one (i.e., 
by using Eq. 38); however, W is given by Eq. 42 instead 
of by Eq. 39. 


Consider the following example case: 30-ft survey 
spacing; 6%4-in. drill collars; 77s-in, hole; and average 
hole inclination 8 = 20°, increasing with depth. f has 
been calculated vs 2 e and plotted in Fig. 24. 

For conditions represented by the straight Line CD, 
2 & is very small and P (Fig. 8b) is less than 15 ft. 
Therefore, f = 1. 

Curve DE corresponds to conditions of Fig. 8b, and 
Curve EF corresponds to conditions of Fig. 8a. The 
Curve EF has been calculated by the approximate meth- 
od explained previously. Actually, there is a family of 
curves, such as EF, corresponding to various values of 
8: one of them corresponds to 8 = 20°, but these 
curves are all close to each other. 

For conditions represented by the straight Line FG, 
P (Fig. 8a) is again less than 15 ft and f = 1. 

The Curve DE is a portion of Curve DH in Fig. 24, 
which is the same as the curve for 7%-in. hole in Fig. 
inclination, increasing with depth, in Fig. 11a. Similarly, 
the Curve EF is a portion of the Curve OF in Fig. 24, 
which is the same as the curve for 7%-in. hole in Fig. 
lle. Consider now, as an example, that 2 a = 1°. In 
the method explained in the body of the report, f would 
have been obtained by reading the ordinate of Point J 
in Fig. lla and the ordinate of Point I in Fig. 11c, re- 
taining the larger of the two. This procedure is seif- 
evident in view of the fact that in Fig. 24 the answer is 
obtained at J. 

Figs. 10a, lla, 12a, and 13a were prepared using 
Eqs. 38, 39 and 36. Figs. 10c, llc, 12c and 13c were 
prepared using Eqs. 38 and 42. The same equations 
were used in calculating f, with which values of 2 a f 
— 0.25 were obtained and plotted in Figs. 14, 15, 16, 
17 and Table 4. 

DECREASING DOG-LEGS 

Consider now the case of Fig. 9b. The origin of 
co-ordinates will be at Point O. The case of Fig. 9b 
requires that 

in which 
K is the point of maximum deflection, i.e., the point at 
which 


At Point A we have, in addition to Eq. 22, 
Substituting Eq. 3n into Eqs. 46 and 22, eliminating 
s’ between them and solving for P’ 
3/ 24 a 
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FIG. 24—CORRECTION FACTOR f FOR 614-IN. DRILL 
COLLAR, 7%-IN. HOLE, 20° AVERAGE HOLE INCLI- 
NATION, INCREASING WITH DEPTH, 30-FT SPACING. 


Remember that in a decreasing dog-leg (— gq’) is posi- 
tive. 
Substituting Eq. 3n into Eqs. 45 and 46 and eliminat- 
ing s’,, we obtain 
1 
Substituting Eq. 3n into Eqs. 45 and 44, eliminating 
s’ between them and substituting P from Eq. 48 and 


P’ from Eq. 47 into the result, we obtain 


3 
3 
2s 


The expression of the correction factor f, similar to 
37. 9b) 


Substituting Eq. 3n into Eqs. 45, 22 and 44, sub- 
stituting in them P from Eq. 48, solving for q’, P’, and 


s’ and substituting these into Eq. 50, we obtain 


in which 
52 
256 Tiim ( ) 


Consider now the case of Fig. 9a. Proceeding in a 
similar way as for the case of Fig. 8a, it has been found 
that f depends very. little on q’ and that, for all practical 
purposes, one may still calculate f with Eq. 51; how- 
ever, V is given by Eq. 53 instead of by Eq. 52. 

21 Ze 

Furthermore, it has been found that the results are not 
very much different if f is calculated with Eqs. 38 and 
42 instead of with Eqs, 51 and 53, except when P < Z 
< P’, in which case f calculated with Eqs. 51 and 53 
is greater than one. As such results should not be used 
anyway, no figures were prepared with Eqs, 51 and 53, 
and Figs. 10c, llc, 12c and 13c derived with Eqs. 38 
and 42 are to be used for both increasing and decreas- 
ing dog-legs. 

Eqs, 51, 52 and 49 were used in preparing both Figs. 
10b, 11b, 12b and 13b (pertaining to drill pipe) and 
Figs. 14, 15, 16, 17 and Table 4 (pertaining to drill- 
collar connections). 
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Fractures and Craters Produced in Sandstone 
by High-Velocity Projectiles 


ABSTRACT 


The mechanics of impact crater 
formation in rock, particularly sand- 
stone, has been sutdied, the velocity 
range being approximately that nor- 
mally associated with oilwell gun 
perforators. The bullets were small 
steel spheres having diameters of 
3/16, 9/32 and 7/16 in.; impact 
velocities ranged from 300 to 7,000 
ft/sec. The craters have two distinct 
parts — a cylindrical hole (or bur- 
row) with a diameter the same as 
that of the impacting sphere, and a 
wide-angle cup comprising most of 
the volume of the crater. The burrow 
is formed as material in front of the 
projectile is crushed and pushed 
aside, forming a cylindrical hole sur- 
rounded by a high-density zone. The 
cup forms as fractures are initiated 
in front of the projectile and pro- 
pagate along logarithmic spirals, ap- 
proximating maximum shear trajec- 
tories, to the free surface of the rock. 
A most significant observation (made 
for the first time) was that, below 
the base of the cup in one type of 
sandstone, there are a group of simi- 
lar fractures, not extending to the 
surface, which are spaced uniformly 
a few millimeters apart. Each frac- 
ture follows roughly the contour of 
the base of the cup and appears to 
require a certain threshold impulse 
to initiate it. These fractures com- 
prise a relatively high fraction of the 
total, newly exposed surface area. 
The volume of the material removed 
by crushing varies as the first power 
of the impact velocity and the vol- 
ume removed by fracturing, as the 
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second power of the impact velocity. 
Penetration varies linearly with the 
impact velocity and is inversely pro- 
portional to the specific acoustic re- 
sistance of the target material, the 
proportionality constant being de- 
pendent upon the shape of the pro- 
jectile. 


INTRODUCTION 


Yield of oil from a producing well 
is frequently enhanced by firing bul- 
lets and shaped charges through the 
well casing into the oil-bearing rock, 
forming craters and fractures from 
which oil can flow more readily. The 
purpose of this investigation has 
been to develop a better understand- 
ing of the mechanics of impact 
crater formation in rock, particularly 
sandstone, the velocity range being 
approximately that normally asso- 
ciated with oilwell gun perforators. 


FORCES OPERATIVE 
DURING IMPACT 


When a projectile moving at con- 
siderable velocity strikes a massive 
target such as oil-bearing sandstone, 
intense and complex transient stress 
situations develop within both the 
projectile and the rock or sandstone 
against which it is striking. Usually 
the struck rock fails, the missile or 
projectile penetrating into the rock 
to some depth where it comes to 
rest or is forcibly ejected from its 
burrow by expansion of a plug of 
target material compressed in front 
of it. When the impact velocity is 
very high, the projectile itself may 
fail, breaking apart or becoming dis- 
torted; this situation is not con- 
sidered here, the discussion being 
limited to nondeforming projectiles. 

Many experimental studies** have 
been carried out to determine the 
nature of the mechanics of crater 
formation and the salient features of 
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the forces coming into play, some 
of the earliest studies being the 
French Army experiments performed 
at Metz between 1835 and 1845.’ 
The stratagem in most instances has 
been to make a post-mortem exami- 
nation of the crater, measuring vol- 
ume and depth of penetration and 
deducing force relationships from 
these observations rather than per- 
forming the more difficult (usually 
almost impossible) feat of measur- 
ing stresses during penetration. 

In many materials, the force act- 
ing during penetration of the pro- 
jectile is found to be the sum of two 
components—(1) a constant force, 
independent of the velocity, repre- 
senting some inherent strength of the 
target material; and (2) a compo- 
nent, proportional to the square of 
the velocity, representing inertial 
forces. For such materials, the aver- 
age force per unit area acting on 
the projectile at any instant while it 
is in motion and being decelerated 
may be written 

Fi A =a by. 
where v is the velocity of the pro- 
jectile at that instant, A is the cross- 
sectional area of the penetrating pro- 
jectile taken normal to its trajectory, 
and a and b are constants which are 
dependent upon the target material 
and the shape of the projectile. It 
follows that the total penetration s 
is given by 

s = (m/2bA) log. [1 + (b/a) v,"] 

where v, is the velocity of the pro- 
jectile when it just strikes the target. 

Values of a and 5b for spherical 
projectiles impacting in a loose sand- 
gravel mixture and compacted earth 
were obtained in the Metz experi- 
ments. For sand-gravel, a and b are 
620 psi and 0.0115 (psi) (ft/sec)’, 
respectively; and for compacted 
earthworks, a and b are 432 psi and 
0.0008 (psi) (ft/sec)*. Figs 1 and 2 
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show the average stresses which 
would be acting on spherical projec- 
tiles penetrating into sand-gravel and 
compacted earthwork, respectively, 
as a function of impact velocity 
broken down into its two compo- 
nents—velocity-independent and ve- 
locity-dependent. Note that for sand- 
gravel, in going from 100-ft/sec im- 
pact velocity to 1,000-ft/sec, the 
dominant-force term changes from a 
static term of 620 psi to a dynamic 
inertial term of 11,500 psi. In earth- 
work the transition takes place at a 
much higher velocity, illustrating 
that in hard compact materials the 
inertial velocity-dependent term does 
not become relatively significant 
until high velocities are reached. In 
steel, for example, it is negligible up 
to velocities of about 3,000 ft/sec. 
At very high velocities (thousands of 
feet per second), it is of paramount 
importance. 

Experiments on rocks show clearly 
that the dominant force resisting 
penetration into those materials is 
neither constant nor a velocity- 
squared term, the principal force 
component being proportional to the 
first power of the velocity. In this 
case, the total penetration can be 
written 

where K, is a constant characteristic 
of the target material and the shape 
of the projectile, m is the mass of 
the projectile, A is its projected 
cross-sectional area and d is a small, 
frequently negligible, correction fac- 
tor which is very complex in nature. 
During penetration, the instantane- 
ous value of the force on the pene- 
tration projectile will be proportional 
to the velocity at that instant. 

A force proportional to the first 
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power of the velocity could arise in 
two ways—as an elastic compression 
or aS a viscous or shearing drag. 
During elastic compression resulting 
from impact, the stress o is given by 


where p is the density of the target 
material, c is the velocity of propa- 
gation of a longitudinal wave in it 
and v is the velocity of compression. 
The exact nature of the viscous or 
shearing drag is somewhat more dif- 
ficult to understand. In the experi- 
ments to be discussed later, it was 
found that among several rocks the 
force resisting penetration correlates 
well with both shearing strength and 
the specific acoustic resistance, the 
product pc of the rock. Progress 
through the material logically might 
proceed as a series of repeatable 
events in which the material is first 
compressed more-or-less elastically, 
generating a stress proportional to 
velocity which shears the material 
and exposes a new region for the 
process to repeat itself at a some- 
what reduced stress level. 


EXPERIMENTAL WORK 


Recent tests at the mining re- 
search laboratory of the Colorado 
School of Mines, in which spherical 
steel projectiles were fired into rocks, 
have thrown considerable light on 
the mechanics of crater formation in 
rock and have uncovered some un- 
expected phemenonology having im- 
portant relevance to the recovery of 
oil through use of bullet-firing guns. 


Specifically, tests were run using 
3/16-in, diameter 0.442-gm and 
9/32-in. diameter 1.503-gm steel 
balls fired from 0.22- and 0.30-in. 
caliber guns, respectively, at veloci- 
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ties ranging from 300 to 7,000 ft/sec. 
The rock targets were sandstone (a 
poorly cemented, argillaceous, felds- 
pathic sandstone, ranging from thinly 
bedded to massive structure), gran- 
ite (a holo-crystalline, coarse-grained 
inequigranular, quartz-biotite gran- 
ite), Carlsbad potash and Oak 
Springs tuff. 

The typical crater produced in 
sandstone, potash and tuff by a pro- 
jectile fired at an impact angle of 
90° is shown in Fig, 3. 


The crater has two distinct parts 
— a cylindrical hole (or burrow) 
with diameter the same as that of 
the impacting sphere, and a wide- 
angle cup comprising most of the 
volume of the crater. The burrow is 
formed as material in front of the 
projectile is crushed and pushed 
aside, forming a cylindrical hole sur- 
rounded by a high-density zone. The 
cup forms as fractures are initiated 
in front of the projectile and propa- 
gate along logarithmic spirals, ap- 
proximating maximum shear trajec- 
tories, to the free surface of the 
rock. In sandstone, but usually not 
in potash and tuff, a number of these 
fractures lie below the surface of 
the cup as illustrated in the drawing. 
In granite the burrow probably is 
also formed initially, but the chip- 
ping or stepwise fracturing process 


‘discussed later soon engulfs and ob- 


literates it. 


The penetration s was found to 
vary linearly with impact velocity 
v, as can be seen in Figs. 4 through 
7, in which penetration is plotted 
against striking velocity for four dif- 
ferent rocks and for steel spheres of 
two different diameters. 

It can be deduced from the sand- 
stone and granite data, where spheres 
of two diameters are represented, 
that the data fit well the relationship 
previously given. 


A few additional firings with 7/16- 
in. diameter steel spheres also con- 
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firmed this relationship. It is as- 
sumed to be correct for potash and 
tuff where only one size of sphere 
was fired. 


The applicability of this relation- 
ship implies at once that inertial 
forces are negligible, the instantane- 
ous force F resisting the projectile 
being given by 


and the instantaneous stress o, aver- 
age over the front surface of the 
projectile, by 


Values for K, for the four rocks are 
listed in Table 1. 


An attempt was made to relate 
the material constant K, to some 
measurable physical property of the 
rock, The shear strength and the 
acoustic resistance of each rock has 
been plotted against the reciprocal 
of the material constant in Figs. 8 
and 9, respectively. It is evident 
from Fig. 8 that the correlation be- 
tween shear strength and material 
constant is excellent. This correla- 
tion is significant and lends support 
to the theory that the rock fails in 
shear. 

Furthermore, from Fig. 9 it ap- 
pears that the material constant is 
inversely proportional to the specific 
acoustic resistance pc of the target 
material, where p is its density and c 
is the velocity of propagation of the 
longitudinal stress wave in the ma- 
terial. Values of c were determined 
experimentally for the four rocks. 
That the stress o is directly propor- 
tional to pc is a logical result be- 
cause in elastic impact, as indicated 
previously, the stress set up in the 
impactor and the target depends 
upon the relative acoustic resistance 
of the two. The projectile here is 
spherical so that a shape factor hav- 
ing a value of about 0.3 enters, the 
average particle velocity in front of 
the projectile being less than the ve- 
locity of the projectile. For a blunter 
projectile, the value of the shape fac- 
tor should increase, almost reaching 
one for a right circular cylinder. 

Experimentally, it was found that 
the projectile usually did not remain 
in the crater but bounced back out 
with a velocity of a few feet per 
second. It is easy to imagine that 


TABLE 1—VALUES OF Ki IN PENETRATION 
EQUATION, s = Ka (m/A) (vo - d) 


Ki 
Rock (ft/sec/psi) 
Carlsbad Potash . . 4 0.010 
Granite 0.004 
Sandstone . 0.019 


Oak Springs Tuff 0.016 
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ejection of the ball follows expan- 
sion of a compressed plug of rock, 
lying just ahead of the projectile 
when it comes to rest. 


INITIATION AND 
PROPAGATION OF FRACTURES 


A most significant observation 
(made for the first time) was that, 
below the base of the cup in one 
type of sandstone, there are a group 
of similar fractures, not extending 
to the surface, which are spaced uni- 
formly a few millimeters apart. Each 
fracture follows roughly the contour 
of the base of the cup (Fig. 3) and 
appears to require a certain thresh- 
old impulse to initiate it. These frac- 
tures comprise a relatively high 
fraction of the total, newly exposed 
surface area. 


They appear to be initiated in a 
step-like fashion as the projectile 
penetrates the rock, each fracture 
propagating along a logarithmic 
spiral’ of maximum shear (Fig. 10). 
The shape of these spirals can be ex- 
pressed mathematically by the equa- 
tion, 


r =r, exp [+ @ tan (45° + ¢$/2)] 


where r is a radius vector of the 
spiral, r, is the distance from the 
point of application of the load to 
the intersection of the logarithmic 
spiral and the horizontal boundary, 
§ is the polar angle from the nearest 
surface and ¢ is the angle of internal 
friction, In el.istic media, the angle 
of internal friction is zero; there- 
fore, the logarithmic spirals are 
equivalent to the trajectories of maxi- 
mum shear. 


The angles of internal friction were 
determined from specimens that had 
failed under static compressive loads 
and were approximately 0° for sand- 
stone and 30° for granite. Because 
granite has a much larger angle of 
internal friction than sandstone, the 
granite craters have much more 
gently sloping sides. 

The point of application of the 
force changes continuously, always 
being located at the projectile so that 
the stress field likewise is changing 
continuously; new sets of trajectories, 
similar in configuration to the origi- 
nal set, are continuously forming. 
Moreover, there is at all times a 
concentration of stress trajectories 
in the center of the crater which, 
because of the large cross-sectional 
area of the projectile, is obliterated 
by the projectile as it penetrates. 


The uniformity of spacing of the 
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lateral fractures implies that a con- 
stant impulse is required to initiate 
each successive fracture. Let the dis- 
tance between two fractures be As. 
The time At that the projectile acts 
on a portion of the burrow of length 
As is 
The impulse J, being given by 
1 = FAt = (A4/K,) As, 
is thus constant. 


(10) 


SUMMARY AND 
CONCLUSIONS 


The craters formed in sandstone 
consist of two parts: (1) the bur- 
row, which is a long cylindrical hole 
formed as the material is forced 
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aside in front of the projectile; and 
(2) the cup, the blown-out part of 
the crater formed as a series of 
fractures, each initiated by a con- 
stant impulse and propagated along 
a logarithemic spiral to the surface 
of the rock, In granite, no burrow 
is formed. 


The penetration of the projectile 
is directly proportional to its mass, 
to a material constant for the target 
material and to the difference be- 
tween the impact velocity and the 
minimum velocity at which crater- 
ing takes place. Penetration is in- 
versely proportional to the projected 
cross-sectional area of the projectile. 


A close correlation has been found 
between the shear strengths of rocks 


- 
= 


Fic. 10—Surerposition oF Set oF Maxi- 
MUM SHEAR TRAJECTORIES UPON PROFILE 
oF TYPICAL CRATER PRODUCED BY A STEEL 
SPHERE STRIKING SANDSTONE NORMALLY. 


and their material constants. fhe 
material constant appears to be in- 
versely proportional to the specific 
acoustic resistance of the target ma- 
terial, the proportionality factor be- 
ing dependent upon the shape of the 
projectile. 

The mechanics of impact crater 
formation in rocks should apply to 
other brittle materials subjected to 
impact velocities below the critical 
velocity at which the projectile be- 
gins to deform or break up. 
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ABSTRACT 


An increase in the number of deep wells being drilled 
where extreme bottom-hole temperatures are encount- 
ered, and the anticipated drilling of wells where temp- 
eratures in the range of 500°F or higher may occur, has 
brought about a comprehensive investigation of cement- 
ing materials and of the techniques involved in their 
proper usage at these elevated temperatures. 

Included are developments in cements, retarders, 
weighting materials and other cement additives which 
make it possible to formulate a variety of compositions 
to help resolve the cementing problems of these extreme 
well conditions. The problems associated with the selec- 
tion and testing of cements are discussed, and a resume 
of field results is included. 

Previous studies on strength retrogression indicate 
that caution should be exercised in the selection of a 
cementing composition for use in high-temperature wells. 
It now appears that, by the addition of silica flour as a 
stabilizing additive to certain cements, compositions 
covering a wide range of slurry densities can be designed 
to meet extreme well conditions without strength retro- 
gression. 

Improvements in cement retarders make it possible 
to produce a four-hour thickening time at static temp- 
eratures up to 500°F. This temperature is considerably 
higher than conditions presently being encountered in 
drilling and completion work. Inert weighting materials, 
used to produce 20-lb/gal or heavier cement slurries, 
are reviewed. 


INTRODUCTION 


As the search for oil continues, the number of wells 
being drilled to depths of 10,000 ft or below has con- 
tinued to increase over the past decade. During 1959, 
there were 50,893 wells drilled in the United States for 
a total of 209 million ft of hole. Of this total, approxi- 
mately 4.45 per cent were drilled below 10,000 ft and 
0.30 per cent below 15,000 ft, with a record depth of 
25,340 ft recorded (Table 1). 

With the drilling of this record-shattering hole comes 
the question, “How deep can wells be drilled?”.* Limita- 
tions with respect to equipment (surface and sub- 
surface), cementing materials and techniques would 
cause some concern; however, a panel of experts have 
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agreed that the U. S. oil industry has the equipment 
and know-how to drill a 50,000-ft hole. The greatest 
deterrent would be the 700°F temperature they would 
anticipate encountering at this depth. 


Although the number of wells drilled under what is 
generally considered hot-hole conditions (230°F and 
higher) has been relatively high, each well often pre- 
sents distinctly individual problems and requires sepa- 
rate consideration and selection of special materials, 
techniques and equipment. At the present time there 
are over 30 additives and special cements available for 
use in “tailoring” a cementing composition for a speci- 
fic well. It is not uncommon to use three or four dif- 
ferent additives with the basic cement to produce the 
desired slurry characteristics. A generally accepted pro- 
cedure is to make laboratory tests on selected cement- 
ing compositions prior to pumping them into wells 
deeper than 12,000 ft, or where static temperatures are 
in the range of 260°F or higher. In some instances, it 
is recommended that laboratory tests be made where 
less severe well conditions are encountered. 


Prior to selecting a cementing composition for a par- 
ticular well, key personnel representing the operator, 
drilling contractor and service company should meet 
to determine that each individual is acquainted with 
every detail which might influence cementing results 
and to discuss the execution of the job. For cementing 
hot-holes, a number of factors must be evaluated before 
proceeding with the operation. Consideration must be 
given to the following. 

1. Thickening time—The slurry must remain fluid for 
a sufficient length of time to allow displacement down 
the casing and up the annular space in a primary ce- 
menting job or, in squeeze-cementing, adequate thick- 
ening time for both the build-up of a satisfactory squeeze 
pressure and the reversing out of excess cement. The 
thickening time of standard retarded cements will often 
be too short under extreme temperature conditions, 
thus involving special formulations and requiring labora- 
tory tests to determine the proper amount of additional 
retarder to obtain the desired pumpability. 


TABLE 1—DEPTH CLASSIFICATION OF DEEP WELLS DRILLED IN THE 
UNITED STATES FROM 1950 THROUGH 19591 


Well Depth (Thousand ft) 


Year 10 tol2 12.5 to 15 Over 15 Over 10 
1950 968 157 0 

1953 1579 408 Ky 

1956 1678 815 142 2635 

1959 1580 634 151 2365 


*Of the estimated 4000 we'ls to be drilled below 10,000 ft, it is forecast 
that 82 of this number will be drilled below 18,000 ft. 
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2. Compressive Strength—Having been placed with 
suitable thickening time, the slurry should set and de- 
velop adequate compressive strength in a reasonable 
period of time to allow well completion or resumption 
of drilling operations. 


Proper slurry formulation, to provide optimum pump- 
ability and minimum waiting-on-cement (WOC) time, 
usually becomes a problem only when cementing ex- 
ceptionally long intervals where the temperature dif- 
ferential from top to bottom may be as much as 100° 
to 140°F. Under extreme bottom-hole temperature con- 
ditions where a relatively high quantity of retarder will 
be necessary to provide adequate pumpability, the ce- 
ment may be designed to set hard within 24 hours over 
the lower section of the cemented interval; but, the 
cement at the top of the interval may be soft. An 
additional WOC time of 12 to 24 hours may be neces- 
sary for the upper portion of the cement column to set. 


3. Strength Retrogression—Some cementing compo- 
sitions develop adequate compressive strength initially 
when exposed to conditions of extreme temperature 
but, over a period of time, will decrease in strength 
to the point of failure. Knowledge of the temperatures 
at which retrogression takes place for the various ce- 
ments, and of the additives available to inhibit this ac- 
tion, is essential. 


4. Permeability—Laboratory tests also indicate cer- 
tain cementing compositions will show an increase in 
permeability when exposed to high temperatures. Vari- 
ous authors *° state that the permeability of set cement 
increases as retrogression progresses. 


There are inherent problems encountered during the 
cementing of any well, regardless of depth and tem- 
perature. Seemingly minute problems, however, are 
magnified many times in deep wells where extremely 
high temperatures and pressures are encountered. These 
problems can result in increased operational and serv- 
ice costs or in the eventual complete loss of the well. 
The purpose of this paper is not to provide a “cure-all” 
for hot-hole cementing operations, Rather, it is to re- 
view some of the problems that can be and are being 
encountered and to discuss the many modifications that 
can be made with readily available materials to help 
combat the adverse properties of some cementing com- 
positions. 


WEIGHTING MATERIALS 


Slurry density for deep well cementing often varies 
from one extreme to the other, depending on the mud 
weight. Normally, it is desired that the density of the 
cement slurry be heavier than, or at least equal to, the 
density of the drilling mud, with the type of formations 
through which the slurry must pass being the governing 
factor as to the type of slurry that would be most 
satisfactory. Where high gas pressures are encountered, 
it is imperative that the slurry density be of such magni- 
tude as to help prevent a blowout from occuring. This 
type of slurry requires an additive having a high 
specific gravity (Fig. 1). 


If weak formations or zones of lost returns are 
prevalent, it then is necessary to use additives to reduce 
the slurry density. Recent data indicate slurry densities 
ranging from 10.8 to 22.75 Ib/gal have been success- 
fully used in cementing deep wells. Slurry densities of 
17 to 19 lb/gal are quite commonly used in most areas 
of deep drilling. 
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ADDITIVE SPECIFIC GRAVITY 
Ottawa Sand 2.65 
BS Barite 4.23 
Imenite 4.67 
Gollena 6.77 
© tron Arsenate 6.98 
130 
120 
110 H 
100 H 
WEIGHTING 99 
MATERIAL 
Lbs. /Sack 80 
70 ff Bak 
17 Lb /Gal. 18 Lb./Gal. 19 Lb./Gol. 20 Lb/Gol. 22 Lb./Gol. 


SLURRY WEIGHT 


Fic. I—API Crass E Cement, Sturry WEIGHT 
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During the various stages in the development of 
heavyweight additives, many different materials have 
been tested. One of the first such additives to be blended 
with cement was barite, which was used almost exclu- 
sively at one time but which recently has given way to 
improved materials. One of the main disadvantages in 
using barite is the relatively large quantity required to 
produce the desired slurry weight. Barite, as well as 
other finely ground (powdered) weighting materials, 
requires additional water to maintain proper slurry vis- 
cosity. This additional water makes it necessary to use 
more weighting material than would be needed if the 
water requirements for the additive were zero. The 
water necessary to produce a pumpable slurry causes a 
reduction in compressive strength and, due to the dilu- 
tion of the chemical retarder present in retarded (API 
Class E) cements, also shortens the thickening time. 
This reduced pumpability is especially critical at depths 
of 12,000 ft and below and may require the addition of 
more retarder with subsequent laboratory tests to insure 
adequate thickening time. 

A coarse-ground barite was made available to the 
oil industry and was used successfully a number of 
times in the field. For a designated slurry weight a lesser 
amount of coarse barite was needed, due to the lower 
water requirements. Due to lack of control in grinding 
barite to a larger than 200-mesh particle size, the use of 
coarse-ground barite gradually diminished. 


Illmenite ore, a relatively new type of weighting ma- 
terial, was introduced to the Gulf Coast area in 1957. 
IlIlmenite (iron sand) has many advantages over barite 
as a weighting material in cementing compositions. It 
has been possible to obtain a particle size distribution 
in the 30- to 100-mesh range. Due to the nature of 
the material and the particle size distribution, no addi- 
tional water is necessary in the preparation of slurries 
with densities to 20 lb/gal. The combination of low 
water requirements and high specific gravity makes it 
possible to prepare high-density slurries with a mini- 
mum of weighting material. The amount of each weight- 
ing material necessary to produce various slurry weights 
with retarded (API Class E) cements is found in Fig. 1. 
IUmenite is an inert material and, as such, has very 
little effect on the physical properties of cementing 
compositions. It can be used in retarded cements, port- 
land cements, pozzolan cements and pozzolan-lime 
cementing compositions. 
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Although Ottawa sand (20-40) is used extensively as 
an additive to produce a better cement upon which is 
set a whip-stock, it can also be used to increase slurry 
density. Other types of sand may be used; however, the 
sand should be clean (washed) to insure that no con- 
tamination occurs from foreign materials. Sand has a 
very low water requirement and is the most economical 
weighting material available; but, due to its low spe- 
cific gravity (2.65), maximum slurry densities are re- 
stricted to 18 lb/gal when used in retarded cements. 
Most of the high-density, finely ground metallic min- 
erals, which potentially could be used as weighting 
materials, will cause a reduction of the thickening 
time; therefore, it is essential that special laboratory 
tests under simulated well conditions be made prior to 
use of this type of material. An additional precaution 
to observe is uniformity of the specific gravity. Varia- 
cions have been noted in some materials that could re- 
sult in an error in excess of 1 Ib/gal on slurry density 
when using a specific amount of material with each 
sack of cement. 

Two of the highest-specific-gravity materials avail- 
able for weighting cement slurries are galena and iron 
arsenate. These materials also are the most expensive 
of the heavyweight additives. It is possible to prepare 
cement slurries in the range of 25 Ib/gal by using either 
of these materials. It will be noted in Fig. 1 that, to 
obtain a given slurry density, more galena and iron 
arsenate is required than illmenite. This is due to the 
variable water requirement of the galena and iron 
arsenate. Variations in grind can cause a change in the 
water requirement for either material. In turn, this will 
vary the amount of weighting material necessary for 
each specified slurry weight. Both materials cause a 
marked acceleration in the thickening time under high- 
temperature well conditions; now, however, through 
retarder research these slurries can be placed in wells 
having extremely high temperatures. Recent laboratory 
tests showed that a slurry, weighted with either galena 
Or irom arsenate and retarded with a modified lignin- 
type retarder, would have a thickening time in excess 
of 4% hours using a modified squeeze-cementing test 
schedule. For these tests, a cementing temperature of 
300°F was reached in 43 minutes. As a result of these 
tests, an iron-arsenate cement slurry was used success- 
fully in cementing a well. 

Ferrophosphorus has been laboratory tested, and re- 
sults indicate that high-density slurries can be produced 
using it as a weighting material. It also has the dis- 
advantage of causing a marked decrease in thickening 
time. There is no knowledge of a ferrophosphorus- 
cement blend having been used in the field. 


Further evaluation by laboratory testing and field 
usage will establish the versatility of these and other 
materials. 


STRENGTH-STABILIZING ADMIXTURES 


The problem of strength stability in cementing com- 
positions was not given much consideration until 1954," 
at which time it was disclosed that certain cementing 
compositions retrogressed in strength under high- 
temperature conditions. Prior to this, it was the general 
opinion that the compressive strength would increase 
with an increase in temperature. Ludwig* and others*° 
found this to be true up to temperatures of approxi- 
mately 230°F. The higher the temperature above 230°F, 
the more pronounced was retrogression. This phenome- 
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non is prevalent in all portland-type cements. Retarded 
cements (API Class E) will lose in excess of 50 per 
cent of their 24-hour strength over an extended period 
of time when cured at a temperature of 320°F. The 
addition of high percentages of bentonite will cause the 
cement to retrogress to the point of failure under the 
same curing conditions. Laboratory tests indicated that 
maximum loss of strength takes place during the first 7 
to 28 days, depending on the temperature. 


As a result of the work by Smith and Carter,’ an 
investigation by means of differential thermal analysis 
into the hydration products of various cementing com- 
positions was instigated. Thermograms were prepared 
and evaluated on 16 different cementing compositions. 
These tests indicated the following. 


1. The dicalcium silicate alpha-hydrate endotherm 
appears at 460° to 485°C. 


2. The calcium hydroxide endotherm appears at 495° 


3. The tobermorite group exotherm appears at 800° 
{9.850 


Initial tests were made on cementing compositions 
cured 7 and 180 days at a temperature of 260°F. 
Examination of the seven-day thermograms showed 
that, in most cases where strength-stabilizing additives 
were not used, the dicalcium silicate alpha-hydrate had 
not yet appeared and the compressive strengths in all 
cases were very good. After curing 180 days at 260°F, 
the dicalcium silicate alpha-hydrate appeared in 
moderate-to-large amounts; in all cases, there was a 
noticeable loss of compressive strength. Examination of 
more recent thermograms for cement compositions, 
cured at higher temperatures and not containing silica 
flour, indicated that some compositicns contain the 
alpha-hydrate without calcium hydroxide. Others had a 
high alpha-hydrate to calcium hydroxide ratio. In each 
case, there was an accompanying decrease in compres- 
sive strength. 


In earlier work on cement-silica systems at elevated 
temperatures, Kalousek’ found that a portion of the 
silica first reacted with the calcium hydroxide frem the 
cement to form dicalcium silicate alpha-hydrate. The 
remaining silica in turn reacted with the alpha-hydrates 
to form the tobermorite phase. Correlation of current 
data on reaction products with compressive strength 
and permeability data indicates that the tobermorite 
group of calcium silicate hydrates is a better cementing 
phase than the dicalcium silicate alpha-hydrate. 


The development of cements which were not subject 
to retrogression or of additives that would inhibit 
strength reduction under high-temperature conditions 
was necessary as the problems of deep well cementing 
became more obvious. One of the first such cementing 
compositions, developed as a result of the need for a 
better material, was a blend of pozzolan, hydrated lime 
and set-control additives. Although neither the pozzolan 
nor the lime is cementitous in itself, in the presence of 
water both will react to form a cementitous material. 
The upper limits of this blend have not been investi- 
gated fully. It has been used in the field at temperatures 
in excess of 400°F (static), with compressive-strength 
determinations at a temperature of 500°F showing little 
tendency to retrogress. Laboratory tests together with 
reported field data indicate that the pozzolan-lime slur- 
ries are very uniform in performance. Also, they are 
very flexible in that they can be readily “tailored” to 
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meet individual well conditions pertaining to thickening 
time, compressive strength, slurry density, etc. 


The most recent development along the line of addi- 
tives to inhibit strength retrogression in retarded ce- 
ments is silica flour (Fig. 2). The addition of 20 to 40 
per cent silica flour will aid in stabilizing manufactured 
retarded cements (API Class E) against high-tempera- 
ture strength retrogression (Fig. 3.). Silica flour does 
not have too much effect on the thickening time of 
retarded cement except under extremely high tempera- 
tures. The optimum temperature range for using silica 
flour is from 260° to 400°F plus. Here again, it is 
recommended that the slurry be tested in the labora- 
tory under simulated well conditions to insure adequate 
thickening time. These tests are essential, not only be- 
cause of variations in the basic cement, but also be- 
cause of the vast number of silica products available. 
Performance may vary, due to either chemical composi- 
tions (impurities present) or particle size, or both. 


To determine the effect of silica flour on cement con- 
taining other additives, a series of accelerated tests were 
run, Test specimens composed of API Class A cement 
and 12 per cent bentonite were cured seven days at a 
temperature of 320°F, Without silica flour both the 
alpha-hydrate and calcium hydroxide were present, as 
indicated by differential thermal analysis. With S per 
cent silica flour, the calcium hydroxide disappeared, the 
alpha-hydrate had decreased and the phase responsible 
for the exothermic reaction (tobermorite) had started to 
appear. With 10 per cent silica flour, the alpha-hydrate 
had decreased considerably and the tobermorite phase 
had increased correspondingly. It also was noted that 
the compressive strength increased as the alpha-hydrate 
phase was decreased and the tobermorite increased by 
the addition of silica flour. Similar tests conducted on 
API Class A cement and diatomaceous earth, which is 
about 91 per cent silica, gave an excellent example of 
the reaction of silica with alpha-hydrate to yield the 
tobermorite phase, with a corresponding increase in 
compressive strength when adequate quantities were 
used. 


Additional thermograms and X-ray patterns were run 
on API Class E cement containing 0, 20, 30 and 40 
per cent silica flour (Fig. 4) after curing for 28 days 
at a temperature of 350°F. The thermograms on neat 
cement showed the presence of dicalcium silicate alpha- 
hydrate and considerable calcium hydroxide. With the 
addition of 20 per cent silica flour the calcium hy- 
droxide has disappeared, the dicalcium silicate alpha- 
hydrate had diminished and the tobermorite phase ap- 
peared. The thermograms on specimens containing 30 
and 40 per cent silica flour showed further reduction 


! Silica Flour! 

Pounds Per Sack 
o 6.43 40 
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VA 30 
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in the alpha-hydrate and a subsequent increase in the 
tobermorite phase. 


Examination of the X-ray patterns further substanti- 
ates the differential thermal-analysis work and aids in 
pinpointing the hydration products. The presence of 
calcium hydroxide and dicalcium silicate alpha-hydrate 
in neat cement were also found by X-ray analysis. 
The X-ray patterns show the loss (by reaction with the 
silica) of calcium hydroxide, the reduction in the 
amount of the alpha-hydrate present and the indication 
of the formation of two new materials—namely, calcium 
silicate hydrate (1)° and calcium meta silicate hydrate 
(Xonotlite) “when 20 per cent silica flour was added 
to retarded cement. X-ray analysis makes further identi- 
fication as to compound classification possible. The pat- 
tern for the 30-per cent silica flour composition showed 
increased amounts of calcium meta silicate hydrate and 
calcium silicate hydrate (1) and the disappearance of 
the dicalcium silicate alpha-hydrate. The same two com- 
pounds were present in the 40-per cent silica-cement 
with some free silica also noted from the X-ray pat- 
tern. As with previous investigations, an increase in 
compressive strength was noted as the tobermorite 
phase increased (Fig. 3). 


Identical tests made on the same compositions cured 
one day at 350°F indicate that hydration is not com- 
plete and that the final-reaction products are not the 
same as when cured 28 days. 


Examination of the thermograms and X-ray pat- 
terns of cementing compositions composed of cement, 
blended with varying percentages of both silica flour 
and diatomaceous earth, indicates that the same hydra- 
tion products are present as obtained with cement and 
silica flour only. The major differences noted were in 
the ultimate compressive strengths of the compositions 
containing diatomaceous earth. Even though the dical- 
cium silicate alpha-hydrate and calcium hydroxide were 
completely reacted with silica and the tobermorite 
phase was present, the compressive strengths were 
relatively low compared to silica flour-cement composi- 
tions. This reduction in strength undoubtedly was due 
to the high water requirement of the diatomaceous 
earth, which results in dilution of the cementitious com- 
pounds in the set material. Data reported previously’ 
established the fact that retrogression occurs in the 
lower concentrations of diatomaceous earth with ce- 
ment, but this does not take place with high concen- 
trations or when used in combination with silica flour. 


The addition of 30 to 40-per cent silica flour to 
bentonite cement-systems, containing up to 8 per cent 
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bentonite, will inhibit retrogression and produce ade- 
quate compressive strength at temperatures of 350°F. 
Gilsonite was added to these same compositions as a 
lost-circulation additive, and sufficient strength was re- 
corded at the end of a 28-day curing period (350°F). 

Permeability determinations made on 10 cementing 
compositions substantiate earlier tests, in that strength 
retrogression is accompanied by increased permeability 
(Table 2). Test specimens were cured 3 and 28 days 
at a temperature of 320°F (3,000-psi curing pressure). 
The permeability of retarded cement increased from 
0.031 to 4.58 md as measured at 3 and 28 days, re- 
spectively. The addition of illmenite had little effect 
on permeability; however, when 4 per cent bentonite 
was added to retarded cement, the 28-day permeability 
increased to 9.72 md. When silica flour in concentra- 
tions of 30 and 40 per cent was added to the same 
compositions, the 28-day permeability decreased to less 
than 0.001 md. 


CEMENT RETARDATION 


Today very few cementing compositions are used to 
cement wells below 12,000 ft where static temperatures 
are more than 260°F, unless additional retarder is 
employed. Since most operators desire a three- to four- 
hour thickening time at these extreme depths and due 


TABLE 2—PERMEABILITY OF HYDRATED CEMENT, API CLASS E CEMENT 
Permeability (md) 
320°F 


Per Cent at 
Silica Bentonite IIImenite 3 Day 28 Day 
0 On 0 0.031 4.580 
20 0 0 0.001 0.001* 
30 0 0 0.001 0.001* 
40 0 0 0.001* 0.001 * 
0 4 0 0.548 9.720 
30 4 0 0.001* 0.001* 
40 4 0 0.001 * 0.001* 
0 0 28 0.030 3.890 
30 0 45 0.001* 0.001 * 
40 0 50 0.001 * 0.001 * 
*Less than. 
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to the effect of various additives, additional retarder 
must be used to achieve this pumpability. As stated 
before, adequate planning is necessary so that the 
proper cementing composition can be designed and 
tested before the job. On deep liners and squeeze jobs, 
samples of the cement, mixing water, retarder and 
other additives to be used on the job are commonly 
tested under modified thickening-time schedules to pro- 
vide adequate pumpability. 

A survey of cementing compositions used on wells 
10,000 ft and deeper indicates that a large number of 
the compositions used contain additives to modify the 
properties of the retarded oilwell cement and that these 
jobs range in volume from 2 to 4 Mcf of. slurry. 
The rate at which the cement is mixed will average 
40 to 50 cu ft/min, and it will be displaced at a rate 
of 60 to 80 cu ft/min. The total cementing time will 
vary with the volume of cement used, but the complete 
operation generally will require from 142 to 242 hours. 
This is the reason many operators specify a three- to 
four-hour thickening time because it gives a safety fac- 
tor in placing the cement. 


The selection of a retarder that will be compatible 
with the manufactured retarded cements, which in 
themselves contain a retarder, sometimes becomes a 
difficult task. Additives requiring additional mixing 
water have a diluting effect on the retarder, which 
makes it necessary to achieve a balance between the 
water, other additives and a retarder that is most 
compatible with the retarded cement to be used. When 
heavyweight slurries are being designed, retarded ce- 
ments having a coarser grind, requiring less mixing 
water, and yielding a higher initial slurry density are 
generally preferred over common portland cement be- 
cause they require less weight material. 


For several years the lignin-type (calcium lignosulfo- 
nate) retarders have been used fairly successfully to 
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depths of approximately 14,000 to 16,000 ft, where 
static temperatures up to 300°F are encountered. These 
materials are quite effective when added to most ce- 
ments, and good retardation of the composition can be 
obtained. There are instances, however, when the cal- 
cium lignosulfonate may not perform satisfactorily in 
conjunction with the retarder in the Class E cement, 
and higher concentrations actually will cause a reduc- 
tion in the thickening time. This is particularly true at 
circulating temperatures around 350° and 400°F. 
Sometimes it has been necessary to go to special blends 
of retarders using a lignin blended with borax. In some 
cements, this gives additional retardation but involves 
compounding of the retarder and additional testing of 
the cement prior to the actual running of the job. 


With the introduction of CMHEC” (carboxymethyl 
hydroxyethyl cellulose), relatively good retardation was 
achieved in most retarded-type cements, and its use in 
deep wells has been reasonably effective. Table 3 illus- 
trates the added retarding effect of CMHEC on a 
manufactured cement containing a lignin retarder. How- 
ever, it has been found that the CMHEC material, 
when used in concentrations in excess of 0.75 to 1.0 
per cent, requires extra mixing water to produce a 
normal slurry visccsity. As this slurry is displaced into 
a well the temperature increase causes a decrease in 
viscosity, which is not considered objectionable except 
when weighting material has been added to increase 
slurry density. This reduction in viscosity enhances the 
possibility of the weighting material settling out during 
the job. While this factor apparently has not caused 
any extensive difficulty, it could be an objectionable 
feature where high concentrations of weight material 
are required. The abnormally high viscosity, obtained 
from cements containing high concentrations of 
CMHEC and mixed with API water-cement ratios, 
has the disadvantage of producing high frictional pres- 
sure drop as the slurry is displaced, thereby creating 
excessive wellhead pressure. This is born out in the 
field, as well as in the laboratory, where flow proper- 
ties and pressure-drop calculations for cementing slur- 
ries were studied. When calculations were made to 
evaluate friction loss or to predict the flow velocity to 
approach turbulent flow, very little difference in fric- 
tional pressure drop was noted between slurries con- 
taining 0, 0.30 and 0.50 per cent CMHEC. However, 
when 0.70 per cent CMHEC or more was used, there 
was a notable increase in apparent viscosity, which 
indicates high-frictional pressure drop. 


One major advantage of CMHEC is that it imparts 
low water-loss properties as well as retardation to the 
cementing composition to which it is added. While 
high temperatures will increase the water loss from 
slurries containing the usually recommended quantities 
of 0.3 to 0.5 per cent of this additive, it is possible to 
restore the low water-loss properties by using higher 
concentrations. It also is compatible with almost all of 
the commercial brands of cement but is somewhat more 
expensive than the lignin products. 


Confronted with deep well cementing problems and 
the limitations associated with existing retarders, a 
research program was set up to improve retardation of 
all deep well cementing materials. The result of this 
program was the development of a modified lignin re- 
tarder,” which is fairly inexpensive, very effective with 
all types of cementing compositions and has the added 
advantage of being an excellent dispersant. The new 
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TABLE 3—THICKENING TIME OF API CLASS E CEMENT 
(LIGNIN RETARDER) WITH CMHEC ADDED, 15,000-FT 
LINER JOB, MODIFIED TESTING SCHEDULE, 
CIRCULATING TEMPERATURE = 250°F 


Per Cent Thickening Time 
CMHEC (hours: minutes) 
0.5 2:43 
0.7 2:48 
1.0 2:55 
1.25 3:43 
1.50 4:00 + 


modified lignin gives exceptionally good performance 
with all types of retarded cements and is compatible 
with the existing retarders found in API Class D and E 
cements manufactured throughout the free world. 


Relatively smali concentrations are required, as can 
be seen from Fig. 5, which gives the approximate 
quantity required to obtain four-hour pumping times at 
the extreme temperatures listed. This curve shows the 
approximate percentage of retarder to add to any re- 
tarded cement over a temperature range from 200°F 
to approximately 400°F (circulating temperature). 
These data have been plotted from laboratory tests 
made with different retarded cements, some of which 
contained various percentages of weighting material and 
silica flour. 


A resume of actual field jobs where modified lignin 
retarder was used with silica flour and illmenite in 
various basic cements is illustrated in Table 8. Retarded 
cements containing silica and modified lignin retarder 
exhibit excellent compressive strengths at temperatures 
ranging from 260° to 350°F (Fig. 6). It should be re- 
membered that, while this curve (Fig. 5) represents the 
normally required concentrations of this particular re- 
tarder, variations in brands and batches of cement may 
yield slightly different results; it is recommended that 
tests be made prior to cementing a specific well. 


Slurry properties and thickening times of API Class 
E cement blended with varying concentrations of 
silica, diatomaceous earth and modified lignin retarder 
are shown in Table 4. Here are shown the retarding 
preperties of this new additive when used in a low- 
density, high-volume slurry. In contrast to what occurs 
when CMHEC is used, large concentrations of modified 
lignin retarder do not require additional mixing water; 
therefore, it is possible to produce designated slurry 
densities with lesser amounts of weighting material 
(Table 5). The modified lignin retarder does not ex- 
hibit low fluid-loss properties, nor does it inhibit these 
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properties when used in conjunction with CMHEC. The 
highest temperature at which the modified lignin has 
been used was a circulating temperature of approxi- 
mately 400°F. In laboratory tests, using a pozzolan- 
lime composition at circulating temperatures to 410°F 
(450° to 460°F static), thickening times in excess of 
three hours have been obtained (Table 6). 


Another unique feature of the modified lignin has 
been its compatibility with some of the very high- 
density materials such as the galena and iron arsenate 
discussed earlier. Prior tests with API Class E cements 
containing calcium lignosulfonate and either lead sul- 
fide or iron arsenate indicated that sufficient thickening 
times could not be achieved. As shown in Table 7, it 
was possible to produce a cementing composition in 
excess of 22 lb/gal using an API Class E cement with 
either of these two weight materials and, with 300°F 
circulating temperature, obtain a four-hour thickening 
time using only 1 per cent of the modified lignin. 


CONCLUSIONS 


1. Strength retrogression is prevalent in most com- 
mon cementing compositions after prolonged exposure 
to high-temperature conditions. 


TABLE 4—API CLASS E CEMENT, MODIFIED LIGNIN-TYPE RETARDER 
Slurry Properties 


Per Cent Per Cent Water Slurry Slurry 
Silica Diatomaceous Per Cent Ratio Weight Volume 
Flour Earth Retarder (gal /sack) (Ib/gal) (cu ft/sack) 
0.0 0.0 0.0 4.50 16.25 1.08 
0.0 c.0 06 4.50 16.25 1.08 
40.0 0.0 1.0 6.32 15.84 1.55) 
40.0 10.0 1.0 10.16 14.53 2.07 
10.0 40.0 5.0 20.13 11.88 3.49 
0.0 40.0 4.0 19.86 11.60 3.42 

High-Pressure Thickening Time 
Per Cent Per Cent Casing Squeeze 
Silica Diatomaceous Per Cent Cementing Cementing 
Flour Earth Retarder 18,000 Ft 16,000 Fi 
c.0 0.¢ 0.6 3:30 + 3:30 + 
40.0 0.0 8) 3:30 + 3:30+ 
40.0 1.0 3:30 + 3:30 + 
10.0 40.0 5.0 3:30 + — 
10.0 40 0 4.5 — 3:30 + 
0.0 40.0 4.0 Ba WA 3:30 + 


TABLE 5—API CLASS E CEMENT, SLURRY WEIGHT = 18.5 LB/GAL 
(138 LB/CU FT) 


Water . Per Cent Thickening 
Ratio Temperature (°F) _ Silica IIlmenite Per Cent Time 
(gal /sack) Static Circulating Flour (lb/sack) Retarder  (hrs:min) 
5.5 360 310 35 46 0.80* 2:30 
bie) 360 310 35 46 1.00* 3:30 
7.0 360 310 35 75 3.00** 3:28 


*Modified Lignin 
**Carboxymethy! Hydroxyethy!l Cellulose 
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TABLE 6—POZZOLAN-LIME SLURRY, WELL DEPTH = 21,000 FT AND 
SLURRY WEIGHT = 18.5 LB/ GAL (138 LB/CU FT) 


High-Pressure Thickening Time 


es Temperature (°F) Per Cent Retarder Thickening Time 


Static Circulating Type [Xs __Type Be (hrs:min) 
380 330 S125 — 3:56 
380 £30 — 1.0 3:21 
400 350 4.0 — 3:13 
410 360 3:12 
410 360 — 1.50 4:25 
420 370 4.4 _— 3:00 
440 £90 — 3.0 3:06 
440 390 — 5.0 5:00 
460 410 — eis) 3:05 

*Type A—Calcium Lignoslfonate. 

**Type B-——Modified Lignin. 
TABLE 7—API CLASS E CEMENT 
Water Iron Slurry 
Ratio Arsenate Galena Lignin Weight* Thickening Time 
(gal/sack) (Ib/sack) (Ib/sack) Retarder (Ib/gal) (hrs:min) 
6.46 135 0 1.0 22:75 4:30 + 
6.46 0 135 1.0 4:30 4 


*Measured weight. 


2. High percentages of silica flour inhibit strength 
retrogression and will produce compressive strengths 
far in excess of the neat-cement capabilities. 


3. High concentrations of diatomaceous earth in ce- 
ment slurries inhibit strength retrogression, but the set 
cement does not attain the high ultimate strengh ob- 
tained as when silica flour is used; this is due to the 
high water ratio required of slurries containing diato- 
maceous earth. 


4. Differential thermal analysis and X-ray diffrac- 
tion analysis indicate that the hydration products, cal- 
cium hydroxide and dicalcium silicate alpha-hydrate, 
are the major compounds found in compositions where 
strength retrogression has occurred and that strength 
retrogression is inhibited by the formation of the 
tobermorite phase. 


5. Permeability also is adversely affected during 
strength retrogression. The addition of silica flour to 
reduce strength retrogression also will reduce the 
permeability of the set cement. 


6. Compositions containing various quantities of sil- 
ica flour, diatomaceous earth, bentonite and/or Gil- 
sonite can be retarded effectively for use in high- 
temperature wells. 

7. The modified lignin-type retarder is more advan- 
tageous for use under extreme temperature conditions 
due to its being compatible with (1) retarders presently 
used in API Class E cements, (2) strength-stabilizing 
additives, (3) weighting materials and (4) pozzolan- 
lime compositions. Also, it is more economical; sluiries 
for high-temperature wells can be designed with much 
greater ease and safety than previously has been pos- 
sible with other types of cement retarders. 
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TABLE 8—RESUME OF FIELD JOBS 


Type of Job Liner Squeeze Liner 
Depth (ft) 17,000 17,500 15,300 
Circulating Temp. (°F) 310 273 279 
Time to Max. Temperature 

(Minutes) 70 45 40 
Cement Brand A B c 
Modified Lignin 

Retarder (per cent) 1.00 0.60 0.75 
Silica Flour (per cent) 35 0 35 
Slurry Weight 18.5% 13.5* 18.1* 
Thickening Time 5:30 + 3:00 + 4:00 + 


IV Vv vi Vil Vill 
Squeeze Plug Back Liner Liner Liner 
14,000 15,494 13,000 14,500 ' 
305 218 300 320 
50 30 30 34 38 
Poz.-Lime Cc D D 
0.70 0.50 0.80 1.50 1.10 
0 0 35 0 
19.0* 16.2 16.2 
4:15 3:00 + 3:30 + 8:15 :46 


*IIlmenite used as a weight material. 
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The Significance of Particle Shape in Formation 
Resistivity Factor-Porosity Relationships 


E. R. ATKINS, JR. 
MEMBER AIME 
G. H. SMITH 


ABSTRACT 


Results of laboratory tests are presented to show that 
the value of “m’’, in the Archie expression=, = ob”, is de- 


termined by the shapes of the particles in the system. 
The value of m, “the shape factor’, is constant for a 
system of particles of a given shape for a range of F - > 
values. Applying this concept, one can predict F-¢ 
relationships for mixtures of particles with different 
shapes, and these predicted relationships are useful in 
electric log interpretation. 


It is suggested that an equation of the form 1/F = 
ap” can be used to describe the properties of natural 
formations containing varying amounts of sand and 
clay. From this work and values of “a’ and “m’ re- 
ported in the literature, it appears that in many cases 
rocks in the same geological horizon have a common 
primary porosity but contain varying amounts of a 
particular clay. It is concluded that the equation can 
be applied to a rock-water system only when values of 


a’ and “m’ have been established for the particular 
system. 


INTRODUCTION 


The petroleum literature contains many reports of 
the results obtained by determining formation resistivity 
factor F and porosity @ of rock samples from oil fields 
all over the world. The usual practice is to use data 
from a large number of samples from a number of 
fields to find an average relationship between F and ¢. 
Several such average relationships have been advanced. 
In the absence of data on a particular formation or 
field, it has been the practice to use the average rela- 
tionships to give a rough approximation of the F-¢@ 
relationship. 

The purpose of this paper is to report on basic rela- 
tionships that exist between F and ¢ for naturally 
occurring particles in water solutions. Other workers’ 
have found the same relationships apply to the diffusion 
of hydrogen through packed beds of dry particles. 


In the work discussed here, relationships for applica- 
tion to unconsolidated sands or shales containing mix- 


Original manuscript received in Society of Petroleum Engineers 
office July 13, 1960. Revised manuscript received Dec. 8, 1960. Paper 
presented at 35th Annual Fall Meeting of SPE Oct. 2-5, 1960, in 
Denver. 
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tures of particle shapes are derived. These relationships, 
developed for unconsolidated formations, may apply to 
consolidated formations. 


EXPERIMENTAL 


To evaluate F- relationships for unconsolidated 
rocks, the results of laboratory measurements on simple 
slurries of clay or sand will be used. Such laboratory 
studies are concerned with the electrical behavior of 
water-containing rocks. The wet rock constituents are 
electrically similar in slurries and in rocks. 

Archie’ defined formation resistivity factor as 

where R, = resistivity of the formation 100 per cent 
wet with water of resistivity R,,. 

In slurries of solid particles suspended in water or 
salt water, the formation resistivity factor concept can 
also apply. Thus, 

F = R,,/R’, 
where R,, = resistivity of the slurry, and 


(2) 


R’,, = resistivity of the water phase in the slurry. 
The resistivity of the water phase in the slurry, rather 
than the solution used to prepare the slurry, is used for 
R’,,. For dilute clay slurries, R’,, was determined by 
measurements on the supernatant layer. 
Archie’ also empirically determined an equation re- 
lating F to formation porosity. 


1 


where ¢ = fractional porosity of the formation, and 
m = exponent relating F and ¢. 


This equation can be applied to slurries as well as forma- 
tions. When used with slurries, ¢ is the volume fraction 
of the water phase in the slurry. 


APPARATUS AND MATERIALS 


All resistance measurements were made using a 
1,000-cycle impedance bridge with an _ oscilloscope 
as the null detector.* The accuracy of this bridge was 
better than + 0.15 per cent. For the particular ap- 
paratus employed, no additional reactance was required 
to achieve balance for samples with resistances between 


*Manufacturers’ names and model numbers for equipment used in 
research conducted in this paper can be obtained by contacting the 
author. 
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800 and 900 ohms. External reactance was required 
outside this range. The resistivity values for fluids and 
mobile slurries were measured using a micro dip cell 
with platinized platinum electrodes. For slurries that 
were too viscous to measure in the dip cell, a tube 
cell of Pyrex glass was used (Fig. 1). The cell constants 
for both cells were established over the entire salinity 
range using standard potassium-chloride solutions. 


The stock clays used are described in Table 1, and 
the salt solutions employed were prepared by adding 
reagent-grade sodium chloride to conductivity water. 
The conductivity water employed in this work had a 
resistivity greater than 5 X 10° ohm-cm. 


Preparation of the Slurries 


The slurries were prepared by weighing clay into 
individual vials and adding a measured volume or 
weight of a salt solution having a known resistivity. 
The clay was dispersed by intermittent manual shaking. 
Under these conditions, little change in slurry resis- 
tivity was observed after four hours; however, final 
measurements were not taken until 16 to 24 hours had 
passed. 


Special precautions were used to prepare slurries with 
resistivity values greater than 1,000 ohm-cm to avoid 
contamination by utensils and vessels. It was necessary 
to test the washings from the vials used for the dilute 
systems to prevent a significant contamination from 
occurring. The vials were tightly sealed to prevent the 
absorption of carbon dioxide from the air and evapora- 
tion from the solution. 


Resistivity Measurements 


Resistivities of the water phase were measured by 
immersing the dip cell in the clear supernatant layer or 
by decanting part of this layer into the dip cell. Slurry 
resistivities were measured by immersing the dip cell 
into the slurry immediately after shaking. Measurements 
were repeated in both the water phase and the slurries 
until the resistances were constant. These values were 
reproducible when the following precautions were ob- 
served. 


1. Before any measurement, the dip cell was pre- 
conditioned in a solution of approximately the same 
salinity as the test solution. 


2. Between measurements the dip cell was drained, 
rinsed and wiped, and any clay deposits were removed. 

3. Measurements were made in a constant-tempera- 
ture humidity cabinet at 25° + 0.25°C. 

4. Handling of the samples was minimized to prevent 
heating. 

5. The vent hole at the top of the glass sleeve sur- 
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rounding the electrodes of the dip cell was kept above 
the liquid level. When the vent hole was submerged, 
current could flow through the vent hole into the ex- 
ternal liquid and return through the open dip-cell 
bottom. Variation in this current flow could be caused 
by partial blocking of either the vent hole or the open 
end of the cell and by a change in the size of the vessel 
containing the slurry. With the particular apparatus used 
in this study, failure to keep the vent hole above the 
liquid level could lead to a variation as great as 8 per 
cent of the total conductivity measured. 


6. Cell constants were determined individually for 
each of the dip cells, and when not in use the cells 
were stored in conductivity water. 


Results 


Through use of the described procedure, the resistiv- 
ity measurements contained in Table 2 were obtained. 
These results show that F is a constant for a given 
concentration of a particular clay. Measurements over 
a porosity range of 45 to 100 per cent are plotted 
logarithmically in Fig. 2 for three types of clay. The 
slopes of the straight lines in Fig. 2 show that each clay 
has a particular F-¢ relationship. The slope of these 
lines are the respective values of the exponent m in 
Eq. 3 for each of these clays. For comparison, the data 
reported by Patnode* for sand have been plotted on the 
figure, and a line has been drawn corresponding to the 
reported value of 1.6 for m. It appears from the data 
in Fig. 2 that the Archie Eq. 3 with a given value 
of m holds for slurries and pastes or packs of particles 
having a given shape. 

Shapes of sand and clay particles could readily ac- 


TABLE 1—DESCRIPTION OF THE STOCK CLAYS 


Clay Designation Source 
Sodium Montmorillonite ““Wyoming"’ Bella Fourche, 
Bentonite South Dakota 
Calcium Montmorillonite ‘Panther Creek'' Northeastern 
Bentonite Mississippi 
\llite Grundy County, 
Illinois 
Kaolinite Clay'' Georgia 
H223 
Attapulgite Georgia 
Fuller's Earth 
Muscovite "Micro Mico'’ C-1000 N. Carolina 
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Donor Remarks 


Baroid Div., 
National Lead Co. 


Minor amounts of quartz 

and feldspar. Base exchange 
capacity = 74 meq/100 gm 
Does not torm gels with 
fresh water. Base exchange 
capacity = 60.1 meq/100 gm 


American Colloid Co. 


Ilinois Clay Unrefined. Base exchange 
Products Co. capacity = 16 meq/100 gm 
A. J. Lynch Co. Base exchange capacity 


= 3 meq/100 gm 


Colloidal fraction refined 
by removal of abrasive consti- 
tuents 


Attapulgus Clay Co. 


English Mica Co. 
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count for a difference in the m value for sand and clay, 
respectively. Likewise, difference in the areal and thick- 
ness dimensions of the clay particles‘ can account for 
the variation in m value for the clays shown in Fig. 2. 
As the salinity of the water phase varies, the shape of 
the clay particles does not change, although the amount 
of water between the particles may change. Wyllie and 
Gregory’ reported on F-¢ data for particles of various 
shapes measured separately. In the paper by Wyllie and 
Gregory, no individual m values were associated with 
individual particle shapes other than the value 1.3 for 
systems of spheres. They point out that the value of 1.3 
for the exponent in the Archie equation applies to their 
data obtained with spheres only over the poresity range 
of 10 to 25 per cent. Through use of techniques de- 


scribed previously, the value of m = 1.3 has been 
obtained repeatedly for stable systems of glass spheres 
(Superbrite beads) with a porosity of 38 per cent. 


It is important to note that systems containing flat 
angular particles, such as sodium montmorillonite, are 
characterized by a larger value for the exponent m 
than that for systems of sand of intermediate sphericity. 
Such sand systems in turn are characterized by a larger 
value of m than the value of 1.3 reported for systems 
of perfect spheres. Thus, the value for the exponent m 
increases with particle angularity. 


Shape factors have been determined for five clay 
minerals and one mica using the experimental tech- 
niques described. These results are listed in Table 3, 
together with Patnode’s’ value for sand. 


TABLE 2—THE FORMATION FACTOR OF CLAYS SUSPENDED IN SODIUM-CHLORIDE SOLUTIONS 


Clay Content 


Slurry 
in Slurry Salt in the Clay Resistivity (ohm-cm) Resistivity 
(% by wt) (% by wt) Water* Water Phase Slurry Factor, **F 
Kaolinite 
0.1 0.016 7.94 X 10? 7.91 107 1.00 
1 0.016 TA xanOe 7.98 * 10? 8.00 xX 10? 1.00 
2 0.016 7.94 X 10? 8.04 xX 10? 8.12 x 10? 1.01 
5 0.016 7.94 X 10? 8.10 xX 10? 8536) 10? 1.03 
10 0.916 7.94 XX 10? 110? 8:55. 1.08 
0.1 0.016 1.195 10% 1,193 x10! 1.00 
1 0.016 1.195 X 101 Tah 1.20) >< 110 1.01 
2 0.016 1.195 101 Waal 1.01 
5 0.016 VOW 1.226 10! 1627) 1.04 
10 0.016 1.195 102 1.07 
5 0.016 8.21 xX 103 1.04 
5 0.34 7.68 X 102 6.03) 1107 1.02 
5 0.3 1.195 * 10? 122. 1.03 
5 onl 7.68 X 10? 2.42 X 102 2.48 xX 1102 1.03 
5 Sel 5.41 5.36 5.53 1.03 
10 0.016 1.085 10% 1.16 x 10! 1.07 
10 0.34 9.21 X 10} 8.73 X 10! 9.29 Xx 10 1.07 
10 0.34 1.22 X 101 1.22 X 103 1.29 10! 1.06 
10 3.1 9.21 X 10} 6.31 X 10! 6.75 X 10! 1.07 
10 3.1 108 1.18 X 10! 1.26 X 10! 1.07 
Calcium Montmorillonite 
0.1 0.03 9.26 xX 10! 1.00 
1 0.03 9.31 9.30 x 10! CHG 1.00 
5 0.03 9.34 X 101 9.34 x 10! 9.61 X 101 1.03 
10 0.03 9.31 xX 101 9.26 X 10! 9.80 xX 10! 1.06 
5 0.03 1.22. X 102 11,23) 1.28 X 10! 1.04 
10 0.u3 1.195 X 10! 1.20 X 10! 1.29 X 10! 1.07 
5 0.45 9225) 8.91 10 9.10 x TO 1.02 
5 0.45 5.14 5.13 5.34 1.04 
5 3.4 7.88 2522, 102 1.01 
4 5.14 5.07 5.26 
9.63 10° 9.89 xX 10? 1.03 
5 10.0 925) 5:28) >< 110% 5.44~ X 102 
5.04 5.25 
5 10.0 5.14 
5.14 Sas 2 1.07 
10 3.4 7.88 10? "71:02 1.45. 10? 1.07 
10! 6.13 X 10! 6.66 xX 10! 1.09 
5.06 5.38 1.06 
10 3.4 5.14 
Sodi Mont illonite 
0.24 9.31 102 9.25 xX 10! 9.22 xX 10! 1.00 
0.24 9.31 X 10! 9.43 X 10? 9.57 X 10! 1.02 
. 
10 0.24 9.31 X 10} 
1.195 X 10 1.19 X 102 1.21 X 10! 102 
0.24 1.195 X 10! 1.186 1102 1.07 
10 0.24 1.195 X 10 1.175 X 10? 1.35 X 10! 115 
1.19 X 103 1.16 X 10 1.21 X 10! 1.04 
5 119 102 102 10! 1.05 
1.16 X 103 1.29 X 102 111 
*Most California formation waters fall within the range of 100 to 10 ohm-cm. 
**F js calculated from Ret =F R'w. 
***No solution was obtainable because these systems were thixotropic gels. The slurry reading was taken on the shaken fluidized gel. 
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THEORY 


The basic problem of relating F to @ for natural rock 
samples has been concerned with the fact that statistical 
analysis of samples from a single bed often suggests 
that the relationship should be** 

(4) 
where a is not always unity. When a is not unity, the 
boundary condition F = 1.0 when ¢ = 1.0 or 100 
per cent apparently is not satisfied by Eq. 4. It is the 
main objective of this paper to show how the boundary 
conditions, F = 1.0 and ¢ = 100 per cent, may be 
satisfied in such cases and the significance of a boundary 
value other than unity. 


An unconsolidated sand may be thought of as a com- 
bination of one or more single-shaped particle systems. 
Consider an unconsolidated sand matrix with clay dis- 
persed in the interstitial spaces. The sand particles 
usually will have similar shapes, although they may be 
of many different sizes. The clay particles will have a 
particular shape, as shown in Table 3, which is char- 
acteristic of the type of clay. 


DEVELOPMENT OF EQUATIONS 
FOR UNCONSOLIDATED SANDS 
By applying the Archie Eq. 3 sequentially for each 
of two components, we have found equations of the 
form of Eq. 4 which appear to describe the electrical 
and porosity characteristics of natural unconsolidated 
systems containing sand and clay. These equations are 
developed in the following paragraphs and illustrated 
in graphical form as applied to typical unconsolidated 
sand-clay rock systems. Variables involved in the de- 
velopment of the equations are as follows. 
’’ = primary porosity of the sand-grain matrix 
— the volume of the system that is not sand 
divided by the total volume of the system. 
¢’ = porosity of an equivalent clay slurry — the 
volume of the water in the system divided 
by the total volume of the water and the 
clay. 


TABLE 3—SHAPE FACTORS FOR FIVE CLAYS AND ONE MICA 


Mineral Particle Shape Factor Exponent 


Sodium Montmorillonite (NAM) . . . . 3.28 
Calcium Montmorillonite (CAM) . . . . 2.70 


¢ = porosity of sand-clay-water system — space 
not occupied by clay or sand divided by the 
total volume of the system. 
F’’ = formation resistivity factor of a primary 
sand-water system having a porosity of $”. 
F’ = formation resistivity factor of a clay slurry. 
F = formation resistivity factor of the total sand- 
clay-water system. 
shape factor exponent of the primary grains 
in a sand-water system having a porosity of 


m 


m’ = shape factor exponent of clay particles in 
a clay-water slurry. 

To develop the equations for a system made of two 
components, first consider the primary porosity of the 
sand grains. 

where v = the volume of both clay and water in the 
interstices of the sand, also the volume of 
space not occupied by sand in the system, 
and 
V = the total volume occupied by the system. 


Then the porosity of the clay-water system would be 


where u = the net volume of water in the system. 
Then, 


(7) 
Hence, 
u 


As stated earlier, Archie’s Eq. 3 applies to the F-¢ 
relation of the sand system and the clay system sepa- 
rately, so 


1 


By considering the resistivities of simple and com- 
pound systems, the relation of F to F’ and F” can be de- 
veloped. Applying Archie’s relationship for formation 
resistivity factor to a dilute clay slurry (more water 
than clay) dispersed in sand, 

Rg 


R,, = resistivity of the clay slurry, and 

R’,,. = resistivity of the water phase. 
This slurry is considered to be the material filling the 
primary porosity of the sand grains. To apply these 
equations to consolidated or unconsolidated rocks, it is 
assumed that the clay-water systems in such rocks carry 
electricity as though they were a clay slurry. Therefore, 


sl 


where R, = resistivity of the system (clay and sand) 
100 per cent saturated with water. 


Then, 
Combining Eqs, 9 and 12, 
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We usually are interested in a relationship between F 
and system porosity # rather than F and the porosity 
components ¢$’ and ¢”. Using Eq. 8, Eq. 13 can be 
solved in terms of either ¢ and ¢$’ or ¢ and ”. Each 
solution is of interest. 


1 


It will be noted that both Eqs. 14 and 15 have the 
general form of Eq. 4, suggested by Winsauer, et al.° 
The constant a in Eq. 4 is equivalent to 6”""~"” and 
p’™’-™ in Eqs. 14 and 15, respectively. Previously, 
values of a were determined empirically. Eqs. 14 and 
15 now provide a basis for understanding this practice. 
The significance of the constant a of Eq. 4 would be 
different in Eq. 14 than in Eq. 15, as would the ex- 
ponent to ¢. 


Consider the systems described by Eqs. 14 and 15 
separately. Two illustrative examples of how these equa- 
tions apply to natural particles are described in the 
following discussions. Sand and sodium montmorillonite 
have been chosen because they represent the extremes 
of particle shapes which one usually should encounter 
in natural sandstones. If a plot of F vs ¢ is made on 
log-log paper, as in Fig. 3, the slope of the line for 
Eq. 14 would be m’, the shape factor for the clay, 
which equals 3.28 when the clay is sodium montmoril- 
lonite, Sand, the primary grain, has a shape factor m” 


To illustrate the analogy between Fig. 3 and the 
physical model of a sand-clay system, first consider a 
cell full of water, ¢ = 100 per cent. If the porosity in 
the cell (¢) is reduced by replacing water with sand, 
one obtains F and ¢ values along the dashed line of 
Fig. 3. In this example, the range of sand particle sizes 
is such that the packed sand matrix ultimately has a 
primary porosity of 40 per cent. The addition of clay 
to make a slurry in the primary pore space would cause 
a further reduction of rock porosity below 40 per cent, 
by displacing some of the interstitial water in the pri- 
mary pore spaces of the sand. The solid line of Fig. 3 
shows the F — ¢ relationship for varying amounts of 
sodium montmorillonite, dispersed in the water in a 
sand matrix, which had a primary porosity of 40 per 
cent. Although the value of F (when ¢ = 100 per 
cent) obtained by the dotted extrapolation is useful for 
calculating 6” by Eq. 14, the system just described 
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never can have actual co-ordinates that lie on the 
dotted line. The dotted line, being an extension of the 
solid line, has the slope m’ which applies only to sys- 
tems containing clay. Over the porosity range of 40 
to 100 per cent for the system illustrated in Fig. 3, 
there is no clay in the system—only sand; thus, the 
dotted line would not describe any part of the system 
being considered here. 


Eq. 15 can also be represented by a log-log plot. 
Such a plot is shown in Fig. 4, To illustrate the analogy 
between Fig. 4 and a sand-clay system, first consider a 
cell full of water where ¢ = 100 per cent. If the poros- 
ity in the cell is reduced by replacing water with sodium 
montmorillonite clay, one obtains F and ¢ values along 
the dashed line of Fig. 4. In this example, addition of 
clay is ceased when the slurry porosity is reduced to 
78.6 per cent. Further porosity reduction in this system 
is accomplished by addition of sand and corresponding 
displacement of clay-water slurry. The F — ¢ relation- 
ship caused by replacing slurry with sand would be 
described by the solid line in Fig. 4. Although the value 
of F (when # = 100 per cent) obtained by the dotted 
extrapolation is useful for calculating 6’ by Eq. 15, the 
system just described can never have actual co-ordinates 
that lie on the dotted line. Thus, the proportion of clay 
to water would remain a constant along the solid line 
as both F and ¢ varied. The proportion of clay to sand 
would be different at every point on the solid line. The 
primary sand porosity 6”, which was a constant in the 
system of Fig. 3, is continually varying with F or ¢ in 
this system of Fig. 4. 

From this description of Figs. 3 and 4, it is apparent 
that, although both Eqs. 14 and 15 are of the form 


1 
Fo ap”, the value of a in Eq. 14 is greater than unity 


and that in Eq. 15 a is less than unity. Since the paper 
of Winsauer, et al,’ several additional correlations of 
F-¢ have been published.*** Some of these correla- 
tions had a values greater than one, and others had a 
values less than one. The meaning of these various em- 
pirical formulas will be discussed later. Here it is of in- 
terest to note that equations like both Eqs. 14 and 15 
are consistent with empirical data. 


The first use of an equation of the form 1/F = ad” 
caused serious misgivings among some log analysts be- 
cause, when a was other than unity, the boundary con- 
dition that F = 1.0 when ¢ = 100 per cent apparently 
was not satisfied by the equations. This discussion of 
Figs. 3 and 4 should help in understanding how equa- 
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tions of the form 1/F = ad” can apply to rocks of 
multiple-shaped particles, and yet the boundary condi- 
tion, F = 1.0 when ¢ = 100 per cent, still be satisfied. 


Although this discussion has been concerned with 
rocks of one or two particle shapes, it is possible to 
write equations for mixtures of particles of three or 
more different shapes. Such equations could be de- 
veloped as needed using the methods described for 
Eqs. 14 and 15. It should be noted that, where a par- 
ticular shape is present as only a few volume per cent 
of the rock, very little precision will be sacrificed by 
neglecting its presence when developing an equation to 
describe the F-# relationships of the rocks. 


SUGGESTED APPLICATIONS 


The equations derived previously herein are based 
upon measurements on unconsolidated systems. No ex- 
periments have been performed on natural sandstones 
or shales. However, applications of these equations to 
natural rock systems could be of value. 


CORE MEASUREMENTS FROM THE LITERATURE 


Many workers have applied statistical methods to 
collections of F-/ data and arrived at equations for 
“best” lines through their particular data. The data of 
Hill and Milburn’ bear out their conclusion that such 
best lines give the least error only when applied to the 
particular reservoirs from which the data were ob- 
tained. Large errors may result if data from a group of 
diverse formations are applied to a particular forma- 
tion. 


If the reservoir engineer or log analyst could deter- 
mine those factors which make a particular reservoir 
different from others, he might be expected to predict 
with less error the F-¢ relationship which applies to 
that reservoir. Conversely, conventional F and ¢ data 
can be used to suggest special formation characteristics 
not normally available from such routine services. The 
data for Suite No. 2 of Hill and Milburn’ will serve as 
an example. The equation for the best line for the data 
of Suite No. 2 is given by Hill and Milburn as 


This is an average line resulting from data in which 
some points depart by as much as 25 per cent from the 
line. However, to the degree that Eq. 16 represents the 
formation, we can say the following. 


1. The exponent value, 2.23, approximates that as- 
sociated with illite in this work (Table 3). Other parti- 
cles of similar shapes not studied in this work may be 
responsible for this value. 


2. The equation is of the form suggested by Eq. 14; 
hence, a common primary sand porosity probably ap- 
plies to this formation. 

3. Examination of points on the plot gives a possible 
lower limit of the m value for sand as 1.54. If this sand 
shape factor is applied to the best line, the primary 
sand porosity is calculated to be 33.5 per cent. 


EFFECTS OF OVERBURDEN PRESSURE 

A more precise determination of porosity from log 
resistivity data might be made for formations contain- 
ing little clay if an adjustment of the shape factor could 
be made as a function of depth. Several workers have 
shown that F increases with overburden pressure much 
faster than ¢ decreases. *” Little data are available to 
describe how overburden pressure would affect shape 
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factor for a particular reservoir rog¢k, Overburden pres- 
sure could cause round particles to be flattened, thus 
giving a larger shape factor for the weight-bearing 
matrix of the rock. In view of this, it would seem 
reasonable to expect a change in shape factor with 
a change in overburden pressure on a sand matrix, 
either by distortion or by solution and overgrowth. 
It may be expected that some shaly sands have enough 
clay material between the sand grains so that the pres- 
sure would be transmitted by the clay particles. If 
actual displacement of the clay did not occur, over- 
burden pressure should not cause much distortion of 
the flat clay particles nor, accordingly, much change 
of the shape factor exponent. As a corollary to this, 
it would be expected that formations characterized by 
small m values, approaching 1.3, would show the 
greatest effect of overburden pressure on m. 


Glanville’ studied two sandstones with and without 
overburden pressure. His resistivity data obtained paral- 
lel to the bedding planes can be interpreted to conform 
with the afore-mentioned suggestion. Fig. 5 shows these 
data. Note that the Tuscaloosa sand data show little 
change in m with increase of differential pressure on 
the sand, The Pennsylvanian sand data show a marked 
change in m with increase of differential pressure on 
the sand. More measurements of this kind on single- 
and multiple-component systems should be helpful in 
determining the relation between overburden pressure 
and shape factor. 


CONSOLIDATED SANDS 


It may be pertinent to suggest the influence which 
cementation would have on the value of the exponent 
m. The angularity of primary particles may change with 
cementation. If the angularity of the particles is in- 
creased by cementation, the m value will also increase, 
and vice versa. Of course, the porosity will be reduced 
as cementing increases. Thus, a particular m value 
would be associated with a particular amount of cemen- 
tation added to a sand with a given primary porosity 
and grain shape. 


It would be useful in log interpretation if there were 
a simple relationship between F and ¢ which applied 
to the variation of porosity found in a reservoir. From 
this discussion it appears that, for a reservoir of chang- 
ing cementation, the simple Archie relationships’ be- 
tween F and ¢ will be accurate only if the primary 
sand porosity of the reservoir is known and if the rela- 
tionship between decreasing porosity and changing m 
is known. 


CONCLUSIONS 


1. The clay-slurry resistivity factor can be deter- 
mined if the resistivity of the water phase in the slurry 
can be measured or calculated. 


2. For a given quantity of each particular clay 
studied, the slurry resistivity factor is a constant over a 
range of brine concentration of practical interest. 

3. The Archie equation, 1/F = ¢”, applies to un- 


consolidated systems containing particles of a single 
shape. 


4. The exponent m appears to be affected only by 
particle shape and has been referred to as the “shape 
factor” in this report. The shape factors for several 
minerals have been measured and are listed here. 
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An Electrodeless System for Measuring Electric 
Logging Parameters on Cores and Mud Samples 


IRVING FATT 
MEMBER AIME 


INTRODUCTION 


A recently developed system for measuring electri- 
cal resistivity of liquids without use of electrodes offers 
some interesting possibilities in electric logging tech- 
nology. The equipment as supplied by the manufacturer 
is satisfactory for continuous mud logging on a drilling 
rig or for measuring mud or filtrate resistivity in the 
laboratory. A simple modification of the commercially 
available instrument makes it suitable for measuring 
resistivity of core samples in the laboratory. 


The continuous measurement of mud resistivity on a 
drilling rig is a convenient means for detecting mixing 
of formation water with the drilling mud. Such informa- 
tion is useful to the geologist, the mud engineer and 
the logging engineer. However, continuous mud re- 
sistivity logging by conventional electrode-type resis- 
tivity cells is beset with difficulties. The mud, sand and 
rock chips abrade the electrodes, thereby changing the 
cell constant and eventually destroying the cell. Also, 
additives and crude oil in the mud may poison the elec- 
trodes by coating them with a nonconductive material. 
An electrode-type resistivity cell, therefore, may give 
erroneous readings under certain conditions. Electric 
logging companies circumvent the electrode poisoning 
problem by using a four-electrode resistivity cell for 
measurement of mud resistivity. In this cell, change in 
electrode area does not change the cell constant. How- 
ever, the four-electrode cell is difficult to adapt for 
continuous reading and does not solve completely the 
problem of electrode abrasion by the sand and cuttings 
in the mud. 


The measurement of electric logging parameters on 
core samples in the laboratory encounters some of the 
same problems discussed in connection with mud log- 
ging. Ideally, the electrical resistivity of a core sample 
should be measured by placing platinum black elec- 
trodes in direct contact with the plane ends of a cylin- 
drical or rectangular sample. Platinum black electrodes 
however, are much too fragile and easily abraded to be 
brought in contact with a rock sample. Also, oil or 
other constituents in the fluid contained in the sample 
will poison platinum black. In practice, gold-plated 
brass electrodes, in an AC bridge circuit operating at 
about 1,000 cps, are used for routine core analysis. For 
more precise work in research studies, a four-electrode 
scheme is used.”* Preparation of the samples for the 
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four-electrode method is much too involved for routine 
core analysis. 

An apparatus for measuring resistivity of liquids 
without use of electrodes was described by Guthrie 
and Boys’ in 1879, They suspended a beaker, contain- 
ing the electrolyte, by a torsion wire and rotated a set 
of permanent bar magnets around the vessel. The eddy 
currents induced in the electrolyte reacted against the 
rotating magnetic field to develop a torque, which was 
measured as a deflection of the torsion wire. In 1879 
this method could not be made precise or convenient 
because of the lack of strong permanent magnets. The 
writer described a very greatly improved apparatus 
similar to that of Guthrie and Boys, but it was not 
suitable for continuous measurements or core samples.’ 

Many electrodeless resistivity devices using radio fre- 
quency current are described in the literature.”* These 
generally are suitable only for noting the end-point in 
a chemical titration. They do not measure resistivity, 
instead measuring a complex quantity which includes 
the dielectric constant and the magnetic permeability. 

The first description of the apparatus to be discussed 
in this paper was given by Relis.’ Improvements and 
modifications are described by Fielden,* Gupta and 
Hills,’ and Eichholz and Bettens.” 


DESCRIPTION OF APPARATUS 


The apparatus used in this study is based on the 
principle that the solution under measurement can form 
a loop coupling two transformer coils, as shown in 
Fig. 1. For a fixed AC voltage applied across Coil A, 
the voltage appearing across Coil B is a function of the 
resistance of the liquid-filled loop, The details of the 
voltage generating and measuring circuits are given in 
Refs. 7, 8, 9 and 10. A block diagram of the equipment 
is given in Fig. 2, Special features worth mentioning 
are the operating frequency of 18,000 cps and the 
automatic temperature compensation which results in 
the given resistivity readings being automatically cor- 
om 

The liquid loop supplied by the manufacturer, shown 
in Figs. 1 and 2, was modified for use in core analysis 
(Fig. 3). The core sample under test is substituted for 
a section of the original loop. As shown in Fig. 3, the 
unit accepts only plastic-mounted cylindrical core speci- 
mens. A Hassler-type sleeve easily can be designed for 
the unit if unmounted cores are to be measured. 


EXPERIMENTAL PROCEDURE 


MUD LOGGING 
A simulated mud line was set up in the laboratory. 
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tivity was read on the panel meter of the electrodeless 
unit and also recorded continuously on a strip chart re- 
corder. Mud resistivities were checked by: (1) a two- 
electrode cell using gold-plated electrodes and an AC 
bridge operating at 60 or 1,000 cps; and (2) a four- 
electrode cell consisting of a 1-m. in diameter cylinder 
4-in. long, closed at each end by a stainless-steel plug 
and having two bands of stainless steel recessed into 
the inner surface. The four-electrode measurements 
were made with a circuit identical to that described by 
Dunlap, et al,’ except that in this case the signal gene- 
rator was a Heathkit Model AG-9A and the vacuum 


TOP VIEW 


tube voltmeter was a Heathkit Model AV-3. Resistivities 
also were measured on several pure bentonite muds 
prepared in small quantities in a malted-milk mixer. 
| | | | | | | | CORE ANALYSIS 

. 

8 Formation factors were measured on two unconsoli- 
dated sand packs and three consolidated sandstones. 
Measurements were made by the electrodeless unit, 
shown in Fig. 3, and checked by a two-electrode method 


and two separate four-electrode procedures. 

Sand packs were prepared for the electrodeless unit 
by tamping the sand into a Lucite cylinder %4-in. ID 
and 2-in. long. The sand was held in the cylinder by 
pieces of nylon mesh (women’s hose) cemented over 


BRON TEAVIEWS the ends. For the four-electrode measurements, the sand 
was packed into the same cell used for mud measure- 
Liquip-Loop TRANSFORMER. ments described previously. The electrolyte saturating 
both sand packs and consolidated cores was 0.5-molar 

A typical water-base clay mud (Macco P-95, 18 per sodium chloride. 
cent by weight) was circulated through the cell, shown Formation factors of consolidated cores measured 
in Figs. 1 and 2, from a 10-gal container. Mud resis- by the electrodeless unit were checked by a two-electrode 
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method and by Marshall and Madden’s’ four-electrode 
method. The cores were %4-in. in diameter and 2-in. 
long mounted in epoxy resin. 


The electrodeless unit was used as follows. A calibra- 
tion curve was constructed by noting the resistivity 
readings on the panel meter of the electrodeless unit 
when a series of Lucite cylinders 2-in. long and with 
inner diameters ranging from %4 to % in. were 
used as “cores”. To avoid distortion of the electric 
flow lines at the ends of these cylinders, the ends were 
coated with conducting paint. When a sand pack or 
consolidated core was placed in the unit, its effective 
area could be read from the calibration curve. The 
bulk area divided by the effective area is then the 
formation factor because the electrolyte is always the 
same and the core is equal in length to the calibrating 
cylinders. 


RESULTS 


MUD LOGGING 


Six water-base muds covering the resistivity range 
of 5 to 0.1 ohm-m were used in this study. The elec- 
trodeless unit was found to give an accurate and rapid 
indication of mud resistivity. The response time was 
completely dependent on the hydraulic system; the re- 
sponse time of the unit itself is of the order of milli- 
seconds. The response time on the paper record depends 
upon the recorder characteristics. Agreement between 
mud resistivities measured on the electrodeless unit and 
those measured by the four-electrode method was =+ 2 
per cent for all muds. This included those muds which 
contained high concentrations of salt, surfactants, phos- 
phates and crude oil (emulsified into the mud). Agree- 
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TAPL 1—MEASURED FORMATION FACTORS 


Sample Electrodeless 2-Electrode 4-Electrode 
28-35 Mesh 

Ottawa Sand 4.0 — 4,18* 
65-100 Mesh 

Ottawa Sand 3.8 — 3.94* 
Brea*** 20.6 19.4 20.0** 
Boise*** 13,3 13.0 15,0°* 
Bandera *** 30.6 30.1 


*Measured in 4-electrode mud cell. 

**Measured by Marshall ond Madden's method (Ref. 2). 

***Complete descriptions of these sandstones are given by Mann and Fatt 
(Ref. 11). 


ment also was obtained with a two-electrode mud cell 
for all muds, except for thcse containing emulsified 
crude oil. In the latter case, readings in the two-elec- 
trode cell were often erratic. 


CORE ANALYSIS 
The measured formation factors are given in Table 1. 


CONCLUSIONS 


The electrodeless resistivity unit described in this 
paper will give an accurate and instantaneous reading 
of drilling-mud resistivity in the resistivity range usually 
encountered. It is reliable and essentially foolproof. 
Adaptation to use on a drilling rig should be simple. 


The electrodeless unit can be used in the laboratory 
for measurement of resistivity of core samples. 
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ABSTRACT 


This paper concerns field experiments to define the 
areal extent, orientation and thickness of an artificial 
fracture in the Sacatosa field, Maverick County, Tex. 
The fracture was made by a sand-oil treatment of 176,- 
000 gal of lease crude containing a fluid-loss additive 
and 270,000 Ib of 20-40 mesh subangular Poteet sand. 


The well was perforated with a jet gun, consisting of 


six shots in a single plane. 

Fourteen test holes were drilled at various locations 
around the fractured well. Drill-stem tests, Micro and 
Sonic Logs, coring and sampling of formation cuttings 
were used to determine the presence of the fracture in 
these holes. The test holes were drilled at distances up 
to 250 ft in a radial pattern around the fractured well. 
In addition to fracture areal extent and orientation, 
sand grain size before and after fracturing, erosion of 
perforations and fracture thickness were studied. 


INTRODUCTION 


The orientation,”’ areal extent®* and thickness’” of 


artificially induced fractures in reservoir rock by hy- 
draulic means have been discussed in great detail in 
the oil industry in recent years. Methods for initiating 
vertical” and horizontal” fractures have been tested in 
the laboratory and the field. Although the methods used 
give successful well stimulation, good field data on the 
physical characteristics of the fracture are lacking in 
the literature. It is recognized generally that properties 
of a fracture, such as thickness, sand placement in the 
fracture” and shape, may vary from reservoir to reser- 
voir. 

This paper gives data on size, orientation and sand 
placement in a large fracture initiated in a single plane 
in Sacatosa field, Maverick County, Tex. It is not in- 
tended as a speculative study; rather, it is restricted 
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to actual field data on fracture properties. No attempt 
is made to prove that the same type of fracture occurs 
in all wells. 

The field procedure was to drill 14 test holes at 
various locations around the fractured well. By em- 
ploying several different testing techniques, the presence 
of the fracture and some of its characteristics were 
determined. These techniques as well as the results 
obtained are discussed in detail in this paper. 


DESCRIPTION OF FRACTURE TREATMENT 


N. J. Chittim Well No. 37-1, completed in the San 
Miguel No. 1 sand, Sacatosa field, Maverick County, 
Tex., was chosen for the field study. The San Miguel 
sand is a tight, well consolidated sandstone with an 
average porosity of 23 per cent. The permeability 
ranges from 0.1 to 10 md, with a median permeability 
of 2.3 md. The sand thickness averages 23 ft and is 
located at depths of 1,150 te 1,700 ft throughout the 
field.” The fracture treatment performed on Well 37-1 
was as follows. 

1. The well was drilled to a depth of 1,438 ft with 
native mud, and 5'2-in. casing was set and cemented 
to the surface. 


2. The casing was perforated at 1,349 ft with a 
fracture-initiating jet gun. This gun consists of six 
shots, 7/16-in. diameter in a single horizontal plane. 
The jets were oriented in two groups of three, 180° 
opposed. The perforating device was designed to initi- 
ate a fracture perpendicular to the wellbore. 
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3. Formation breakdown was obtained with lease 
crude oil at a pressure of 2,300 psi at the surface. 
Fracture pressures recorded during treatment are shown 
in Fig. 1. 

4. After breakdown, a 1,000-gal blanket of fluid- 
loss-treated diesel oil was pumped ahead of the frac- 
ture fluid. 

5. A mixture of 176,000 gal of diesel oil and lease 
crude oil treated with a fluid-loss agent was used as the 
treating fluid, and 270,000 Jb of 20-40 mesh Poteet 
sand at a concentration of 1.5 lb/gal were added as 
the fracture propping agent. 

6. Injection rates during treatment averaged 30 
bbl/min. 


FIELD TEST PROCEDURE 


The test procedure used on the first 12 of the 14 
test holes was to drill to the top of the San Miguel 
No. 1 sand with a native mud system. From this point 
to the bottom of the sand, either a rubber-sleeve core 
barrel or a conventional core barrel was used to core 
the producing sand, The formation cores obtained from 
this operation were examined for artificial fractures, 
presence of Poteet sand grains and stress areas result- 
ing from the artificially induced fracture. 


The Microlog and the Sonic log were run on several 
of the cored holes. The Microlog was run to obtain 
formation lithology data around Well 37-1. The Sonic 
log with the Amplitude curve was an experimental tool 
designed to pick up formation anomalies such as dense 
streaks and natural or artificial fractures.“ This tool 
was run as an experimental test for correlation with 
other data indicating the presence of a fracture in the 
test holes. 


During drilling and coring of each hole, samples of 
formation cuttings were taken from the mud stream 
at the surface. This test procedure was designed to 
obtain sand-grain data as the holes were drilled through 
the fracture. The sampling procedure consisted of 
screening the formation cuttings through a 20-40 mesh 
sieve, acid washing these cuttings with HCl and, then, 
examining the cuttings under a microscope for the 
presence of Poteet sand grains. A sand grain count of 
each sample was made, based on the number of grains 
of sand per gram of 20-40 mesh cuttings obtained from 
the screening. 


The final test performed on each hole was to run a 
drill-stem test over the entire test zone, Initial flow 
pressures, final flow pressures and shut-in pressures 
were recorded on each well as another means of de- 
termining whether the fracture was present in the 
well. Fluid samples from the drill-stem test also were 
screened and analyzed for 20-40 mesh Poteet sand 
grains. 


Core hole Nos. 13 and 14 were drilled to the 
top of the San Miguel sand, and 5%-in. casing was 
set at this point. The hole was loaded with lease crude 
oil, and drilling continued through the sand zone. While 
drilling with oil, samples of the formation cuttings 
were taken throughout the sand zone. Selected intervals 
of either 2 or 5 ft were drilled and all of the cuttings 
collected. This was accomplished by using a 40-mesh 
screen apparatus attached to the shale shaker. Cuttings 
larger than 10 mesh were caught from the shale-shaker 
10-mesh screen. By flowing the effluent oil from the 
shale shaker upwards through the 40-mesh screen into 
the circulating pit, 10-40 mesh cuttings were retained 
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in the apparatus. The 10-40 mesh cuttings were Lurtner 
screened down to 20-40 mesh and acid washed, dried 
and examined under the microscope for sand count as 
in previous tests. 


FIELD RESULTS 


PRESSURE CHART WELL 37-1 

Fig. 1 shows the pressure recording of the fracture 
treatment in Well No. 37-1. The surface recorded pres- 
sure during breakdown was 2,300 psi. Since there was 
little fluid movement at this time, the hydrostatic pres- 
sure of 470 psi for lease crude oil added to this surface 
pressure gave a bottom-hole pressure of 2,770 psi at 
the perforations. The sudden increase in surface pres- 
sure on the tubing occurred when the 30-bbl blanket 
of low fluid-loss oil was injected ahead of the sand, 
and the pump rate was increased to 30 bbl/min. 


After sand injection started, there was a sudden drop 
in treating pressure. Most of this drop in pressure may 
have been due to small enlargement or smoothing of 
the perforations by the sand. Either the pressure drop 
across the perforations changed as the treatment pro- 
gressed or less pressure was needed for the fracture 
propagation as the area enlarged. 


At the end of the treatment, an instantaneous shut-in 
pressure was recorded. The 300-lb drop in pressure 
was a measure of the pressure drop across the perfora- 
tions. Calculating the treating pressure behind the per- 
forations in the fracture gives a treating gradient of 
1.16 psi/ft. 


IMPRESSION BLOCK OF 
PERFORATIONS IN WELL 37-1 


The perforations in this well, as described earlier, 
were made with a fracture-initiation gun consisting of 
six 7/16-in. diameter holes oriented in a single hori- 
zontal plane. The six shots are in two groups of three, 
each fired in opposite directions. 

An oriented impression of the perforations was taken 
to determine (1) direction, (2) degree of erosion and 
(3) whether or not all perforations were open and tak- 
ing fluid during the treatment. A casing-leak detector 
was used to obtain these impressions. This tool is an 
expandable rubber sleeve with a thin coating of plastic 
material. The tool was pressured up from the surface 
with a small hydraulic pump that inflated the rubber 
sleeve and pressured the plastic sleeve against the casing, 
thus taking an impression of the perforations. 

Fig. 2 shows a photograph of a section of the plastic 
sleeve containing the six impressions. 


Analysis of the plastic impressions shows: (1) all 
six holes penetrated the pipe, (2) only slight erosion 
or smoothing of the perforations took place during 
treatment, (3) no appreciable hole-size enlargement oc- 
curred and (4) the perforations were oriented in an 
east-west direction. With a pump rate of 30 bbl/min 
during the fracture treatment and a pumping time of 
143 minutes, there was only a minor amount of perfo- 
ration erosion. These results indicate that with the rate 
and volume used in most fracture jobs the perforations 
should remain relatively undamaged. 


FRACTURES AND ANALYSIS 

A large quantity of fracture sand was obtained on 
the drill-stem tests for Holes 13 and 3. Approximately 
600 to 700 Ib were recovered in 13, and samples of 
this sand were analyzed for mesh size and degree of 
crushing. Control tests were run also on Poteet sand 
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before fracturing for correlation purposes. 


Table 1 shows the results of the split sample tests 
of both Poteet sand before and after fracturing. 

Slight variations are noted throughout the mesh range 
of all samples. The largest amount of crushing (7 per 
cent) was in the 20-40 mesh range. If crushing of sand 
does occur, one would expect the larger grains to be 
crushed first. This apparently is what happened, though 
the amount of crushing was only 7 per cent—much 
less than is often surmised. At what point during the 
treatment this crushing took place is not known, but 
there are several possibilities, Some crushing could have 
occurred in the pumps, while traveling down the an- 
nulus, while passing through the perforations, or in 
the fracture after the overburden settled down on the 
sand pack. 

Judging from the large influx of sand into the well- 
bore during drill-stem testing, this portion could not 
have been held tightly in place by the overburden pres- 
sure. Therefore, the crushing that occurred probably 
was not due to the overburden pressure as much as to 
some other factor. In areas of the fracture where the 
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TABLE 1 — GRAIN-SIZE DISTRIBUTION OF POTEET SAND 
20-40 MESH FRACTURE SAND 


Before After 
Mesh Size Treatment Treatment 
20 1.38 105 
20 40 88.79 81.28 
40 60 7.58 13.23 
60 80 1.74 2.33 
80 100 0.25 53 
100 120 0.05 22 
120 0.22 1.29* 


sand pack is thinner and the sand grains are held more 
tightly by the overburden pressure, a greater degree of 
crushing may occur. 

The ease with which 600 lb of sand flowed into the 
test hole 100-ft from the original well indicates that 
the sand probably is distributed unevenly in the frac- 
ture. This leads us to propose a “pillar-type” sand 
pack. The fracture is held open by “pillars” of sand. 
Other sand that is not held so tightly in place by the 
overburden is free to flow easily into the wellbore. 


SONIC LOG EVALUATION 

The Sonic log with the Amplitude curve was run on 
five of the 14 test holes as an experimental test tool. 
It has been observed that fractured zones sometimes 
cause “cycle skipping” on velocity of sound logs.” The 
cycle skippings that show up as sharp deflections to the 
left presumably result from absorption and reflections 
of a large part of the sonic energy by the fracture. 


Fig. 3 shows the results of the five runs made and 
the depth at which an indication of a fracture was 
picked up. In all of the holes except Hole 7, there are 
definite indications of formation anomalies near the top 
of the San Miguel formation. These could be caused 
by a fracture. None of these data was used in estab- 
lishing the location or depth of the fracture in the 
final conclusion of results in any of the test holes. 


CORING 

The coring operations on Holes 1 through 12 using 
the rubber sleeve and the conventional core barrel gave 
good core recovery. Numerous fractures were observed 
in the cores. Some of these breaks occurred during re- 
moval of the cores from the barrel. Other breaks could 
have been made during the drilling. A few could be 
correlated with sand-count data and Sonic logs and 
may have represented the actual fracture. 


SAND-COUNT DATA 
Table 2 shows the sand-count data on the 14 test 
wells. Also included are several development wells in 
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TABLE 2—SAND-COUNT DATA 


CT-2 CT-3 CT-4 CT-5 CT-6 
Depth (ft) Gr/Gm Depth(ft) Gr/Gm Depth (ft) Gr/Gm Depth (ft) Gr/Gm Depth (ft) Gr/Gm Depth (ft) Gr/Gm 
1,329-53 Some 1,349-55 10 grains DST cir- Large 1,320-22 12 1,321-23 (C, D) 101 
grains Poteet culation amount 1,322-24 1336-37 13. -1,325-26 46 
but no sand. No. at 1,343 of 1,324-26 ] 1,337-42 1 1,327-28 74 
quantita- grams Poteet 1,326-28 2 1,342-52 2 1,345-46 34 
tive est. unknown 1,341-43 Some __1,328-30 2° 17352-55 10 =1,353-54 20 
Poteet 1,330-32 OP TOM SD: 39 
1,332-34 0 DST 1,335-55 6 
1,334-36 0 
1,336-38 
1,338-40 0 
DST 1,322-40 80 
CT-7 CT-8 cT-9 CT-10 CT-11 CT-12 
1,332-32 (C, D) 119 ~=1,306-08 (D) 310 DST 32 DST 62 W322-23(D) 85  1,318-20 (C) 8 
1,333-36 55 1,312-13 276 1,328-29 93 1.323-25 3 
1,336-40 61 1,321-22 (C) 106 1,334-35 (C) 7) 1,325-27 14 
1,340-43 1,324-26 105 1,336-38 19 1,330-32 6 
1,343-46 35 DST 1,318-42 365 1,342 43 26 1,335-37 20 
1,346-49 36 1,348-49 13. DST 1,317-42 27 
1,349-52 85 1,351-52 21 
DST 1,333-52 160 1,353-54 24 
DST Top 26 
DST Bottom 55 
CT-13 CT-14 38-7 66-10 66-12 
1,310-15 4l 1,334-36 (C) 2,550 1,348 16 778 (A) 34 348 13 
1,315-20 21 1,336-38 WSS, 358 8 848 (A) 11 723 27 
1,320-30 (C) 11 1,338-40 335 1,363 4 1,481 (D) 22 807 23 
1,330-32 9 1,340-42 175. 13378 20) 65 1,418 23 
1,332-34 1,342-44 100 1,388 161,516 (C) 10° 52 
1,334-36 1,344-46 17522" 9 1,443 46 
1,336-38 1,346-48 60 1,408 (C) 125 453 16 
1,338-40 4 1,348-50 65 1,468 6 1,463 8 
1,340-42 5  1,350-54 13 1,478 0 1,476 (C) 12 
1,342-44 0 1,354-58 13. 1343-53 14 
1,344-46 2 1,358-62 87 —1,373-1,403 5 
1,346-48 0 1,362-66 12. =1,403-33 7 
1,348-50 0 DST No. 1 2,900 1,433-63 0 
1,350-52 1,331-46 
1,352-56 0 DST No. 2 1,075 
1,356-61 1 1,331-66 
1,361-66 0 
1,366-71 8 
1,371-75 1,681 
DST No. 1 No solids 
DST No. 2 Large amt. 
of sand 
recovered 


(A) Olmos sand. (B) Bit change-circ. bottoms. (C) Son Miguel (first sample). (D) Top of core. 


the Sacatosa field in which sand grain counts were 
made during drilling operations. This was done to 
establish a base count of Poteet-like sand grains ob- 
tained from the Olmos sand located at a depth of 600 
to 900 ft. Since the Olmos sand grains are in the 20-40 
mesh range and do resemble the subangular Poteet 
sand, this base count was necessary for a more accurate 
evaluation. Identification of the Poteet sand grains in 
the drilled solids collected in the sampling apparatus 
was made on the basis of shape or angularity, internal 
characteristics, inclusions, fracture planes and staining 
techniques. A comparison was made of the similarity of 
Poteet and San Miguel No. 1 sand grains. A distinct 
difference was noted in the size, shape and crystal 
facets of the San Miguel sand grains. All of the San 
Miguel sand grains are smaller than 40 mesh, with the 
large majority being in the 60-80 mesh range. They also 
are more angular in shape than the Poteet fracture 
sand. 


A statistical average of the Poteet-like sand grains 
per gram of 20-40 mesh cuttings is 27, and 95 per cent 
of the time the count should be below 65 grains/gm. 
These data from Table 2 have been used as one cri- 
terion in determining whether the fracture was or was 
not encountered in any specific well. Inspection of the 
table shows that Holes 3, 6, 7, 8, 11, 13 and 14 have 
high sand counts, indicating they are probably in the 
fracture. 


FRACTURE ORIENTATION AND 
AREAL EXTENT 


Fig. 5 is a location plot of the 14 test holes around 
the fractured Well 37-1. No pre-planned well-location 
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sequence was made except for the first three holes. Test 
locations after these first three holes were based on the 
resulting data as the holes were drilled and tested. The 
primary purpose of this field study was to determine 
the direction or orientation of the fracture and its 
areal extent. 


The shadowed holes plotted in Fig. 5 represent the 
holes in which sufficient data were obtained to place 
them in the fracture. As discussed in the general pro- 
cedure earlier in this paper, several methods were 
used as criteria for determining whether or not the 
fracture was encountered. Holes 3, 4, 8, 13 and 14 are 
classified as in the fracture because of positive drill- 
stem tests. An example of a positive drill-stem test is 
shown in Fig. 4. Holes 6, 7 and 11 are classified as 
having at least one good positive test (sand count), 
which indicates that they penetrated the fracture. 

Holes 1, 2, 5, 9, 10 and 12 gave no positive indica- 
tions of being in the fracture system. That does not 
mean that small cracks might not have been in any or 
all of them. In many of the first 12 holes, a fracture 
could have been mudded-off easily during drilling, 
which would have a negative drill-stem test. It is inter- 
esting that the Sonic log indicated a fracture in Holes 
9 and 12 while the other techniques gave negative re- 
sults. It is also hard to accept a definite fracture in 
Hole 13 without assuming a probable fracture in Holes 
1 and 5S, 


It can be seen readily from Fig. 5 that the fracture 
system is horizontal. Based on data to date, the major 
strike of the fracture is to the west. The complete 
fracture pattern has not been determined exactly. How- 
ever, enough area has been determined positively to 
show as much as that calculated from the Howard 
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and Fast Equation, Assuming a .2-in. fracture thick- 
ness and using fluid-loss data from actual formation 
cores, a fracture radius of 230 ft or a fracture area 
of 168,000 sq ft on one face was obtained. Further 
drilling might show that the fracture is considerably 
larger than that calculated by the equation. 


Some contrasting data are noted on the wells in 


which the fracture was encountered. Hole 3 (located 
S 60° W SO ft) and Hole 13 (N 15° W 100 ft from 
Well 37-1) produced large amounts of fracture sand 
during drill-stem testing. Holes 1 (N 50 ft) and 14 (E 
100 ft) produced small quantities of sand. Since all 
four holes are in the fracture, the fracture width must 
vary, with some areas being thicker and containing a 
greater concentration of sand than others. Holes 1 and 
3 were drilled through the sand interval with a conven- 
tional water-base mud, whereas Holes 13 and 14 were 
drilled through the sand with a lease crude oil. When 
drilling Hole 1, the fracture may have been mudded-off; 
and, as a result, no appreciable sand was obtained during 
drill-stem testing. However, in the case of Hole 3, the 
fracture is much wider with a higher concentration of 
sand grains and the drilling fluids could not plug-off 
this fracture as effectively. In the case of Holes 13 and 
14 where the possibility of plugging-off the fracture 
was reduced, Hole 13 produced a large amount of sand 
during drill-stem testing and Hole 14 produced only 
a small quantity. Here again, we have the indication of 
a wider fracture in some areas and a thinner fracture 
in other areas. 


DISCUSSION 


Results of our test program show conclusively that 
the fracture formed was horizontal. It stayed within 
the San Miguel formation a horizontal distance of at 
least 250 ft. 

The major portion of the fracture found thus far was 
west of Well 37-1. This is in the updip direction of 
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the field and may indicate that the fracture preferen- 
tially heads toward the point of less overburden. An 
exception to this was in Hole 13 where the fracture 
definitely had traveled downward from the perforations 
and was in the bottom of the San Miguel formation. 
This was shown by the sand-count data and a drill-stem 
test made a few feet off bottom on this hole that also 
recovered a large quantity of Poteet sand. 


The technique of setting casing on top of the sand 
to be tested and then completing open-hole was found 
to be very successful. This eliminated contamination 
from formations not under study. It also leaves a hole 
in position for further tests. 


Pre-planning the fracture treatment will make iden- 
tification much easier when drilling the test wells. Sug- 
gested techniques include using (1) radioactive sand or 
oil, (2) various types of propping agents that can be 
distinguished easily from formation sand (such as wal- 
nut shells, glass or plastic beads), (3) staining dye in 
the fracture fluid to color the formation sand and (4) 
injecting different-colored sand grains or propping 
agents at various intervals during treating to determine 
sand placement patterns and movement. 


The authors would encourage further research based 
on these results and release of any other data that 
contribute to the present knowledge of fractures. An 
interesting subject for further research would be the 
orientation of a similarly created fracture at greater 
depth. If such a research program is undertaken, we 
would recommend that the fracture be prepared specifi- 
cally prior to the field testing. 


CONCLUSIONS 


Although this paper has been limited to a presenta- 
tion of the results of the tests described, the following 
conclusions can be made about the fracture in N. J. 
Chittim Well No. 37-1. 


1. The fracture was horizontal. 


| 
/ 
/ / \ 
/ / 
/ AXX \ \ 
| \ \ 
m8 | 
> OX” 
\ XX 7 
\ \ Y¥XY XX 
\ \ 4 \ | 
\ SS / 
\ 
\ ~100 
\ / 
\ / 
/ 
{300 _ 
375 


2. The areal extent of fracture was at least as large 
as that calculated from the Howard and Fast equation.’ 
It extended more than 250 ft from the wellbore. 

3, The fracture was not uniform in all directions or 
in thickness. 

4, The perforations were only slightly eroded during 
the fracturing job. 

5. Fracturing sand was not changed appreciably 
during the fracturing job. 
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INTRODUCTION 


Small, steeply inclined reservoirs without natural 
water drives often are found associated with salt domes 
or other highly faulted structures. Frequently, only one 
well may be economically justified in these reservoirs, 
from which oil is produced by an expanding gas-cap 
drive or by a dissolved-gas drive. Although a large 
fraction of the oil upstructure from the well may be 
recovered during primary depletion, only a small frac- 
tion of the downdip oil can be produced because of 
gravity effects. This downdip oil has been defined as 
“cellar oil’ in contradistinction to “attic oil”? which is 
the oil above the structurally highest well in reservoirs 
where a natural water drive is present. 

In this study, two methods of producing cellar oil by 
water flooding a one-well reservoir were investigated 
by means of a laboratory model. This model was scaled 
to represent a prototype reservoir having an area of 30 
acres, a permeability of 500 md, and a thickness and 
dip of 30 ft and 30°, respectively. 

One method considered, the simultaneous injection 
of water and production of oil from a single well, would 
require that the lower portion of the productive interval 
of a well be completed for water injection and the upper 
portion for oil production. 

The other method considered, intermittent injection, 
would involve alternate injection of water into and 
production of oil from a single well. Injection of water 
into the formation would repressure the reservoir, caus- 
ing gas to go back into solution, Since some of the 
injected water would flow updip from the well, water 
injection usually would be followed by a waiting period 
during which the water could drain from above the 
wellbore. Production of oil by gravity drainage and 
gas-cap drive could be initiated when water drainage 
became sufficiently complete. The amount of water 
produced along with the oil would naturally depend on 
how soon after water injection ceased that production 
was started. This process could be repeated in cycles 
until oil could no longer be produced economically. 


Of these two methods, the intermittent injection tech- 
nique would be simpler to put into operation since it 
does not require a dual completion. Also, it is probably 
more generally applicable than the simultaneous injec- 
tion-production method. It is to be expected that in 
some reservoirs the rock and fluid properties would be 
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such that practical oil-production rates could not be 
achieved by the simultaneous technique. However, in 
reservoirs where the simultaneous method will result in 
practical rates of oil production, it does have the ad- 
vantage of permitting immediate, continuous oil produc- 
tion; whereas in the intermittent method, oil production 
is interrupted by periods of water injection and drainage. 


It was the objective of this study to determine whether 
these two methods of cellar oil production are practical 
for the representative prototype investigated and to 
evaluate their relative merits. 


DESIGN OF LABORATORY MODEL 


SCALING REQUIREMENTS 

The prototype reservoir and fluids were selected to 
have the dimensions and physical properties shown in 
Table 1. The laboratory model was then designed in 
accordance with well known scaling criteria, as dis- 
cussed by Croes, et al,’ except for one modification. 
According to Croes, et al, one requirement of scaling a 
Jaboratory model to a reservoir prototype is that both 
the relative permeabilities and dimensionless capillary 
pressure be the same functions of water saturation for 
the model and the prototype. Since unconsolidated sand 
packs are used in the laboratory model to represent the 
consolidated porous media of the prototype, it is vir- 
tually impossible to satisfy this requirement. Much of 
the difficulty stems from the fact that unconsolidated 
sands usually exhibit lower residual oil and connate- 
water saturations than do reservoir rocks, To satisfy 
the scaling requirement as nearly as possible, Perkins 
and Collins’ have suggested that the relative permeabili- 
ties be re-defined as 

k, 


where k’,,. = relative permeability to water, 


= 


k’,. = relative permeability to oil, 
Kor = permeability to water at residual oil, 
kowr = permeability to oil at connate water, 


k,. = effective permeability to water, and 
k, = effective permeability to oil. 
A new water-saturation variable S’,, has been defined as 


, Sar 
where = water saturation, 


Sie 
S., = the connate-water saturation, and 
S,, = the residual oil saturation. 

Using these definitions, it can be shown that k’,., 
k’,, and the dimensionless capillary pressure must be 
the same function of S’, in both the model and the 
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TABLE 1—MODEL AND PROTOTYPE PROPERTIES 


Property Prototype ___Model 
Length 1,140 ft 36 in. 
Thickness 30 ft 0.95 in. 
Length/Thickness 38 38 
Areal Extent 29.8 acres 9 sq ft 
Dip OP 
Porosity, per cent 30 378 
Absolute Permeability 500 md 190 darcies 
Oil Viscosity, cp 0.384 4.07 
Water Viscosity, cp 0.4 4.24 
Oil-to-Water Viscosity Ratio 0.960 0.960 
Density Difference, gm/cc 0.346 0.4407 
Interfacial Tension, dyne/cm 73 4.26 
Connate Water, per cent 25) 9.5 
Residual Oii, per cent US) 15 
Pore Volume 2,083,000 bbl 7,650 cc 
Injection Rate 1,720 q (B/D) q (cc/sec) 
Time +/241 months t seconds 


prototype. This requirement is more nearly satisfied 
than the requirement that conventional relative perme- 
abilities and dimensionless capillary pressure be the 
same function of water saturation. 

Other scaling requirements are (1) similar geometry, 
(2) similar initial and boundary conditions, and (3) 
the scaling groups 

must have the same value in the model and prototype 
where 


= water viscosity, 

[to = oil viscosity, 
o = interfacial tension, 
k = permeability, 

= porosity, 


u =a characteristic velocity, 
L = a characteristic length, and 
Ap = the difference in density of the fluids. 
Prototype and model times are related through the 
dimensionless group, 
ut 

where ¢ is time. This group must have equal values for 
both the model and the prototype at corresponding 
stages of the displacement. 


These dimensionless groups are those necessary for 
scaling the simultaneous flow of oil and water through 
a porous medium. Although a gas cap was present 
in the experiments reported herein, as well as a residual 
gas saturation throughcut the oil zone, the behavior of 
the gas phase was not scaled. In the model, as in the 
reservoir, the gas located in the oil zone was not free 
to flow and quickly went into solution in the oil when 
water injection caused the reservoir pressure to rise. 
The compressibility of the gas and the rate at which it 
went back into solution were not scaled to simulate 
reservoir behavior, but these effects are not deemed 
important insofar as a study of recovery of cellar oil 
by water flooding is concerned. Also, in the gas cap 
only gas was mobile and, hence, gas flow could affect 
the movement of oil only at the boundary between oil 
and gas. Because of the low viscosity and density of 
the gas as compared to the viscosity and density of the 
oil, both in the model and in the prototype, the proper- 
ties of the gas phase should have little effect upon the 
movement of the oil boundary. Therefore, neglecting 
to scale gas viscosity and density, gas-oil interfacial ten- 
sion and permeability to gas should have little effect 
upon the results. 


MODEL DESCRIPTION 


The model properties were chosen to satisfy the 
preceding scaling requirements as shown in Table 1. 
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The clear Lucite model was a rectangular parallele- 
piped, 36-in. long, 36-in. wide and 0.95-in. thick. It 
was supported at a dip of 30° to the horizontal. With 
the model in this position, the well was drilled verti- 
cally through the geometric center of the sand. The 
model wellbore was scaled to represent a 9-in. wellbore 
and was perforated along the top and bottom third of 
its length; the middle third was plugged. The sand was 
a round-grained quartz (Ottawa), 20- to 30-mesh sand, 
packed to a permeability of 190 darcies and a porosity 
of 37.9 per cent. The oil phase was a white mineral 
oil with a density of 0.812 gm/cc and a viscosity of 
4.07 cp. 

The aqueous phase was a solution of sodium nitrate, 
glycerol, xylene sulfonate spent-caustic product and 
polyethylene glycol 300. The sodium nitrate was added 
to give a density of 1.253 gm/cc, glycerol was added 
to give a viscosity of 4.24 cp, and xylene sulfonate 
spent-caustic product and polyethylene glycol 300 were 
added to lower the interfacial tension to 4.26 dyne/cm. 
This interfacial tension only partially scaled the capil- 
lary effects, the prototype capillary effects being ap- 
proximately two times as great as would be expected 
in a reservoir. It is believed that this lack of similitude 
had little effect on the gross displacement behavior. 
Flooding of a sand pack containing oil and connate 
aqueous solution with the aqueous solution resulted in 
a residual oil saturation of 15 per cent. Since this was 
the same saturation obtained in floods using ordinary 
water, it was concluded that this aqueous solution did 
not change the wettability of the sand. 


INVESTIGATION OF SIMULTANEOUS 
INJECTION AND PRODUCTION PROCESS 


For the simultaneous injection-production process, it 
was desired to find the effect that injection rate would 
have on the produced water-oil ratio, Ten experiments 
were performed, and in each the production rate was 
kept approximately equal to the injection rate. The 
range of rates studied was from 94 to 611 B/D for 
the prototype. 


PREPARATION OF MODEL 

At the end of each run, the sand nearest the bottom 
of the model had a high water saturation and a low 
oil saturation. Above this was a small region of sand 
with a high oil saturation and a low water saturation. 
The very top portion of the sand was predominantly 
saturated with gas, with low saturations of oil and 
water. The model was under vacuum because it had 
to be maintained at subatmospheric pressure at all 
times to prevent its being deformed. 

The model was prepared for the next experiment 
without changing its 30° angle of dip by first with- 
drawing the mobile liquid from ports located along the 
bottom. The desired quantity of oil was then injected 
into these same ports. Carbon dioxide was next injected 
through the ports and flushed through the oil to simu- 
late a gas saturation resulting from solution-gas drive, 
and the pressure was brought to approximately 7-in. 
Hg absolute. The oil was then allowed to drain until its 
final level reached the desired position. At this point 
the oil-rich zone contained both a connate-water satura- 
tion and residual-gas saturation, and the model was 
ready for the next experiment. 


FLOODING, PROCEDURE 
The simultaneous injection and production process 
was carried out by injecting water into the bottom third 
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of the well, while oil or oil and water were produced 
from the top third. The production rate was controlled 
with a throttling valve, and the injection rate was ad- 
justed to the same value with a constant-rate pump. 
The injection and production rates were controlled with 
a precision amounting to +5 B/D in the prototype 
reservoir. When equal injection and production rates 
had been established, they were continued until the 
water-oil ratio stabilized. The model was re-prepared as 
described in the preceding section, and equilibrium pro- 
duction conditions were established at another injec- 
tion rate. 


RESULTS 

As water was injected into the bottom third of the 
well, a bubble of water formed around the injection 
perforations and expanded upwards until it reached an 
equilibrium position. At very low rates, this bubble did 
not reach the top third of the well, which was the 
production interval; thus, only oil was produced. As 
the injection rate was increased, the bubble reached the 
production interval and water began to be produced. 
Further increases in the rate increased the water-oil 
ratio. The oil-production rate at first increased with in- 
creasing injection rate, but it eventually reached a 
maximum value and decreased thereafter. 

The data from these experiments are presented in 
Fig. 1, in which both the water-oil ratio and the oil- 
production rate are shown as a function of injection 
rate. For the prototype studied, the first water was pro- 
duced at a water-injection rate of about 125 B/D; the 
maximum oil-production rate, 275 B/D, occurred at 
an injection rate of 550 B/D. 


INTERPRETATION OF RESULTS 

The results of this study indicate that practical injec- 
tion and production rates can be achieved in some res- 
ervoirs by the simultaneous injection-production process. 
In this process, there is a critical injection rate at which 
water is first produced and an injection rate which 
results in a maximum oil-production rate. 

In applying this process, the optimum operating con- 
ditions would be most easily determined in the field. 
The field injection rate could be varied and the effect 
upon oil production and water-oil ratio could be ob- 
served. From the results of these tests, the most desir- 
able injection and production rate could be selected. 


INVESTIGATION OF INTERMITTENT 
INJECTION AND PRODUCTION PROCESS 


One aspect of the intermittent injection process 
which was studied was the relationship between injec- 
tion rate and the total time required for water injection 
and drainage of water away from the wellbore. Obvi- 
ously, higher injection rates require less injection time. 
On the other hand, a high rate will cause the injected 
water to flow farther upstructure from the well and, 
hence, increase the time required for water drainage 
away from the wellbore. These two effects suggest the 
existence of an optimum rate, so a range of rates from 
585 B/D to 2,340 B/D for the prototype was investi- 
gated. To determine if the optimum rate might vary 
with the volume of water injected, the volume injected 
into the prototype was varied from 2,120 to 619,000 
bbl. These volumes may be compared to a total volume 
of floodable oil and residual gas of 650,000 bbl in the 
portion of the reservoir located below the well. 


If it is desired to inject a given volume of water, this 
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injection may be accomplished in a single cycle of in- 
jection and production, or smaller volumes of water 
may be injected in multiple cycles. To investigate the 
optimum number of cycles, experiments were con- 
ducted with 1, 2 and 15 cycles. 


In most of the work, it was assumed production 
should be deferred until the water had almost com- 
pletely drained from the wellbore. In the field, it might 
be advantageous to start production at some earlier 
time. While this possibility was not systematically in- 
vestigated, one experiment was conducted in which 
production was initiated before water drainage was 
complete. 


FLOODING PROCEDURE 

After the model was prepared for an experiment (as 
described previously in discussion of the simultaneous 
injection and production process), water was injected 
at a constant rate into both the upper and lower sec- 
tions of the well. The pressure increased as injection 
progressed, causing the gas to dissolve. The pressure 
in the model always remained subatmospheric. After a 
given amount of water had been injected, the model 
was shut in and the water was allowed to drain into 
the downstructure part of the reservoir. In some experi- 
ments while the water was draining, short production 
tests were made to determine the water-oil ratio. When 
the water-oil ratio approached zero, or when the water- 
oil interface migrated below the bottom of the well, 
production was started from both the upper and lower 
intervals of the well. The movement of the front as 
a function of time and the amounts of oil and water 
produced were recorded. Production was continued 
until gas breakthrough; in some cases, the injection and 
production sequence was repeated. 


RESULTS 

The operating conditions and some of the results for 
the 10 experiments conducted are summarized in 
Table 2. 


Typical patterns formed by the water injection into 
the well are shown in Fig. 2. The first water injected 
assumed an approximately circular shape around the 
well, but because of gravity the size of the circle on 
the bottom side of the model was larger than the one 
on the top, as shown in Fig. 2a. Initially, the centers 
of these circles were very near the well. As injection 
continued, the principal water flow was downward 
along the underside of the model, and oil flow was upward 
along the topside. When the injected water reached the 
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TABLE 2—SUMMARY OF RESULTS FOR INTERMITTENT INJECTION AND PRODUCTION 


injection Production 
Experiment Rate Volume Time Time Water Oil 
No. Cycle (B/D) (bbl!) (months) (months) (months) (bbl) (bb!) Remarks 
1 1 585 454,200 25.59 2.57 0 255,800 
2 1 1,015 440,800 14.32 3.94 200 308,400 
3 1,539 439,300 9.42 5.20 1,100 292,100 
4 1 y57 5: 440,200 9.22 0 79,000 235,200 Production started immediately 
after injection 
5 1 1,929 222,200 3.80 4.93 1,100 125,900 Water-front movement not recorded 
2 1,954 223,100 3.77 _ 5.43 1,500. 187,600 
445,300 7.57 10.36 2,600 313,500 
6 1 1,974 444,300 7.43 6.67 b 1,700 278,500 4 
7 1 2,087 619,300 9.79 12.61 345.81 41,100 539,700 Small gas leak in water 
injection line 
8 1 2,000 599,400 9.89 10.33 No production recorded 
1 2,342 543,800 7.66 8.74 No production recorded 
Time Time 
(days) (days) 
10 1 1,342 2,121 1.58 19.67 129 1,818 
2 750 2,986 3.98 19.02 216 2,749 
3 939 2,986 3.18 17.98 238 2,575 
4 747 2,986 4.00 18.59 129 2,814 
5 1,239 2,986 2.41 19.97 216 2,727 ps ; 
6 1,650 2,986 1.81 20.95 346 2,640 Water reached lower limit of reservoir 
7 1,244 2,986 2.40 19.38 173 2,748 
8 2,791 2,986 1.07 19.41 303 2,662 
9 1,234 2,986 2.42 20.30 173 2,813 
10 1,265 2,986 2.36 20.10 367 2,663 Water started upwards on top of sand 
ml 1,736 2,986 1.72 21.94 346 2,510 j 
12 2,045 2,986 1.46 22.71 281 2,467 Some production lost prior to measurement 
13 1,668 2,986 1.79 19.47 389 2,532 
14 2,509 2,986 1.19 24.90 281 2,684 
15 1,697 2,986 1.76 2, 346 2,662 


lower boundary, it began filling the model from the 
bottom. The flow of oil updip caused a deformation 
of the originally circular water region around the top 
of the well. At the end of water injection, these effects 
resulted in a water pattern as shown in Fig. 2b. After 
injection ceased, the water continued to drain down- 
structure, and the oval water region disappeared from 
around the top of the well. This downdip drainage re- 
sulted in the pattern shown as Fig. 2c. Drainage even- 
tually resulted in a horizontal water-oil boundary, but 
oil production was generally initiated before this con- 
dition was achieved. 


Data shown in Fig. 3 describe for several experi- 
ments the movement of the water front above the well 
on the underside of the reservoir during the first cycle 
of operation. The ordinate in this figure is the scaled 
distance in the prototype reservoir from the bottom of 
the well to the updip water-oil contact, measured along 
the bottom of the reservoir. At the 585 and 1,015 
prototype B/D injection rates, the water-oil boundary 
moved rapidly upwards a short distance above the 
well, but continued injection of water failed to move 
the boundary any higher. At greater injection rates, 
this stabilization of the boundary did not occur during 
the period of injection. As soon as injection ceased, 
the height of the boundary above the well began to 
decrease. The similar shapes of the curves after cessa- 
tion of water injection show that the drainage velocity 
of the updip water-oil boundary was nearly independent 
of the location of the water-oil boundary when injection 
ceased. As wiil be shown later, this was not true for 
those experiments in which the total volume of water 
injected was almost equal to that required to flood the 
reservoir below the well, or those in which production 
was initiated before the water boundary had fallen 
below the wellbore. 


Experiment 7 (Table 2) is an example in which the 
total volume of water injected (619,000 bbl) was only 
slightly less than that required to flood the reservoir 
below the well (650,000 bbl). The movement of the 
water-oil boundary for this experiment (2,087-B/D 
injection rate) is shown in Fig. 4. The solid curve is 
the observed experimental data, while the dashed curve 
is based on the boundary velocities of the runs plotted 


in Fig. 3. Comparison of these curves reveals that, 
when the volume of water injected was almost equal 
to the floodable volume of this reservoir, the water-oil 
boundary movement was slower than when smaller 
volumes were injected. This decrease in the boundary 
velocity was especially pronounced in the latter stages 
of the operation when almost all the reservoir below 
the well was full of water. Under these conditions, the 
water injected near the end of the injection period must 
flow away from the wellbore in an almost horizontal 
direction. 

Experiment 4 is an example in which production was 
initiated immediately after injection was completed. The 
movement of the water-oil boundary for this test 
(1,575-B/D injection rate) is also shown in Fig. 4, 
along with a curve based on the boundary velocities 
from Fig. 3. The early initiation of production caused 
the boundary to fall to the bottom of the well three 
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months earlier than it would otherwise. However, about 
18 per cent of the injected water was produced before 
the water level receded to the bottom of the well. 


In Experiment 10, each cycle was completed in ap- 
proximately one (prototype) month. In these cycles, 
the average prototype injection rate was 1,520 B/D 
and was continued for an average of 2.2 days/month. 
The well was shut in an average of 20.3 days/month to 
permit the injected water to drain downdip from the 
well, and the desired quantity of oil was produced at 
an average of 313 B/D. The monthly oil production, 
thus, was 2,740 bbl for the remaining 8.7 days in a 
31-day month. 


INTERPRETATION OF RESULTS 


Optimum Injection Rate 

In the experiments from which the data for Fig. 3 
were taken, the maximum volume of water injected 
was 544,000 bbl, or 84 per cent of the floodable volume 
of the prototype reservoir. These data show that for 
this and smaller injection volumes the rate of movement 
of the water-oil boundary during drainage from above 
the wellbore was independent of the volume injected. 
From the movement of the boundary as determined 
from the data presented in Fig. 3, it was possible to 
determine the effect of injection rate on total time (in- 
jection plus shut-in) before production, This is shown 
in Fig. 5. 

Note that the curves in Fig. 5 exhibit a minimum 
time at an “optimum” injection rate of about 2,050 
B/D. This optimum rate is independent of the total 
volume of water injected, provided the volume injected 
is small enough that the velocity of the water-oil bound- 
ary is independent of injection volume. Note also that 
the injection plus shut-in time is not very sensitive to 
rate over the range of 1,500 to 2,340 B/D. 


Effect of Volume Injected on Time 
For Injection Plus Shut-In 


The effect of volume injected on rate of water drain- 
age was studied by taking first-cycle data shown in 
Table 2 for Experiments 3, 5, 6, 7, 8, 9 and 10 and 
determining the minimum time for injection plus drain- 
age per million bbl of water injection as a function 
of injected volume. The results of this determination 
are shown in Fig. 6. Although the injection rates for 
the points shown in Fig. 6 varied from 1,342 to 2,342 
B/D, these rates are within the range (as discussed 
previously) where injection plus shut-in time was only 
slightly sensitive to rate. Hence, the effect of injection 
rate upon this time should only slightly affect the 
position of the curve. Note that the curve goes from 
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relatively high values of time at small injection volumes 
to a minimum when about 84 per cent of the flood- 
able volume of the reservoir had been injected, and 
then increases again with larger volumes of injection. 
Thus, the minimum injection plus shut-in time occurs 
when about 84 per cent cf the floodable volume of the 
prototype reservoir is injected per cycle. 


Effect of Average Production Rate on 
Number of Cycles 


In some field cases, it may be necessary that a num- 
ber of short injection and production cycles be used 
rather than one or two long cycles. For example, if 
the well is located high in the reservoir, the gas in 
the reservoir may have a smaller volume than the oil. 
In this case, the use of multiple cycles is required since 
the volume of water which can be injected per cycle is 
limited primarily by the volume of free gas present at 
the start of injection. In other situations, it may be 
advantageous to conduct the operation in a relatively 
large number of cycles to minimize any delay in pro- 
duction of oil and to achieve a maximum rate of re- 
turn on the money invested in the project. However, 
when the operator has considerable freedom in selecting 
the number of cycles, the optimum number should be 
determined in each individual case. A few general 
comments may be made from the data obtained on 
the prototype studied. 


The data taken during Experiment 10, shown in 
Table 2, represent a case in which the recovery process 
was carried out in a large number of monthly cycles. 
After allowing time for water injection and drainage, 
the production of 2,740 bbl of oil per month was near 
the maximum quantity that could be produced. Al- 
though only 15 cycles were actually completed, it is 
thought that the average results observed during the 
history studied can be applied to predict the future 
behavior until a volume of water injected approaches 
about 80 per cent of the floodable reservoir volume. 
By assuming that this extrapolation permits a reason- 
able estimate of the future injection and production 
behavior, 7.6 years would be required to produce 250,- 
000 bbl of oil. In contrast, this same quantity of oil 
would have required 8.8 years to recover if the opera- 
tion had been carried out by first injecting 439,000 bbl 
of water, as in Experiment 3, and then producing 
2,740 bbl of oil per month. Thus, in the production of 
2,740 bbl of oil per month, a large number of cycles 
may be preferred, This is also true for average produc- 
tion rates which are less than 2,740 bbl per month. 


By a monthly injection, drainage and production 
cycle, it would not be possible to produce much more 
than 2,740 bbl of oil in any particular month. How- 
ever, by the use of fewer cycles, an average produc- 
tion rate greater than 2,740 bbl of oil per month can 
be achieved. This is demonstrated by the data of Fig. 6 
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which show that total time for injection and shut-in 
decreases as the volume of water injected per cycle 
increases, as discussed in a previous section. 


These results suggest that the number of cycles which 
may be optimum to recover the oil from a particular 
reservoir is dependent on the production schedule. If 
the allowable may be produced by injecting and pro- 
ducing each month, then this type of operation with 
the many cycles may be the preferred. On the other 
hand, if the highest average production rate is desired, 
then fewer and longer cycles are indicated. 


COMPARISON OF SIMULTANEOUS AND 
INTERMITTENT INJECTION PROCESSES 


Of these two methods, the intermittent injection 
technique is simpler to put into operation because it 
does not require a dual completion. Jt is also more 
generally applicable than the simultaneous injection- 
production method because in some reservoirs the rock 
and fluid properties would be such that practical oil- 
production rates could not be achieved by the simul- 
taneous technique. In reservoirs where the simultaneous 
method would result in practical rates, this technique 
permits immediate oil production without delays caused 
by periods of water injection and drainage. Also, rock 
and fluid properties favorable for simultaneous injec- 
tion and production would be favorable for short-cycle 
intermittent injection and production, Generally, the 
use of the intermittent process would be preferred to 
the simultaneous method. 


CONCLUSIONS 


On the basis of experiments performed on a labora- 
tory model scaled to represent a cellar oil reservoir, 
the following conclusions have been reached for the 
reservoir studied. 

1. In this reservoir cellar oil can be recovered from 
a single well by water injection using either simul- 
taneous water injection and oil production or inter- 
mittent water injection and oil production. 


2. In the simultaneous injection and _ production 
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method, there is a critical injection rate below which 
no water is produced. As the injection rate is increased 
above the critical, the rate of oil production increases 
initially, but eventually an injection rate is reached at 
which maximum oil production is obtained. 


3. In the intermittent injection and _ production 
method, the minimum time (injection plus shut-in 
time) per million bbl of injected water occurs when 
the volume injected per cycle is equal to about 84 
per cent of the floodable volume. For any given volume 
of water injected, the time for injection plus shut-in 
is insensitive to injection rate over a range of 1,500 to 
2,340 B/D. 
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ABSTRACT 


Storage porosity has been considered one of the im- 
portant pore geometry characteristics of heterogeneous- 
porosity limestones, Storage pores are only containers 
for fluids, in contrast to flow channel pores which both 
contain fluids and provide continuity for fluid flow. 
The concept of another geometry characteristic, “poro- 
Striction”, is presented as a second pertinent variable in 
describing limestone pore space. In simple terms, poro- 
Striction is a measure of the flow resistance between 
storage and flow channel pores. 


Alternating-flow core-testing theory provides flow re- 
lationships which can be used to divide the pore space 
of heterogeneous-porosity media into flow channel and 
Storage pores and to measure the “porostriction” of 
the latter. Experimental application of this theory to 
naturally occurring heterogeneous limestones shows that 
“porostriction” and the ratio of storage to flow channel 
pores can be estimated. 

Porostriction and porosity ratio are microscopic char- 
acteristics which should influence oil-recovery efficiencies 
during certain types of displacement processes. A knowl- 
edge of pore geometry should be valuable in designing 
or selecting the most effective oil-recovery process for 
heterogeneous limestones containing storage porosity. 


INTRODUCTION 


The primary and secondary recovery of oil from 
limestone (carbonate) reservoirs has been and wiil con- 
tinue to be a major source of the world’s supply of 
petroleum. Oil recovery from this type of formation is 
strongly influenced by the size, shape and arrangement 
of the pore spaces which hold the formation fluids. 
Therefore, it is expected that better knowledge of pore 
geometry would lead to design of more effective re- 
covery processes. 

The concept of storage and flow channel pores has 
been presented as an important characteristic of lime- 
stone porosity.’ In this concept, storage pores are only 
containers for fluids, whereas flow channel pores are 
those pores which both contain and transmit the fluids. 
The work reported herein involves the concept of an 
additional pore characteristic called “‘porostriction”. This 
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characteristic can be visualized as the flow resistance 
between the storage and flow channel pores. This re- 
sistance is an important pore geometry characteristic 
because it determines how easily gas and oil can re- 
plenish fluids removed from the flow channel pores. 
Fatt and co-workers at the U. of California have 
studied the effect of storage porosity and a factor simi- 
lar to porostriction on transient-flow response of models 
of porous media during a pressure build-up or drawdown 
test.°* These models consisted of porous sandstone 
cores with artificially simulated storage pores. It is the 
purpose of this paper to describe tests which permit 
the storage porosity and porostriction of actual reservoir 
core samples to be estimated. The tests used for this 
purpose involved not transient tests but, rather, an alter- 
nating-flow technique in which pressure and flow are 
varied according to a sine-wave relationship. This tech- 
nique may offer advantages over transient methods. 


THE POROSTRICTION CONCEPT 


Before discussing alternating-flow (A.F.) tests in core 
samples, it is necessary to define the porostriction pa- 
rameter. For this purpose attention is focused upon an 
elemental volume v representative of a porous medium 
having both flow channel pores and restricted-access 
storage pores. For such an elemental volume, it is con- 
sidered that the storage porosity is combined to form a 
single pore and that the access into the storage porosity 
may be represented by a single capillary tube connect- 
ing the single pore to the flow channels of the elemental 
volume. Let the radius of the capillary tube be desig- 
nated as R, and its length as L.. When fluid flows into 
or out of the pore, the following equation (Poiseuille’s 
law) relates flow rate g to pressure drop Ap, and the 
physical characteristics of the tube and the fluid of 
viscosity 
() 
Su 

The ratio g over Ap may be described as the fluid 
conductivity of the tube in the model corresponding to 
the rock volume y. The access into storage pcrosity in 
the medium can be described in terms of the conduc- 
tivity per unit volume of medium, which may be ex- 
pressed as 


@ 


q = Ap 


The factor in parentheses, designated F, is a dimension- 
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less parameter depending only on properties of the 
medium and not upon the viscosity » of the contained 
fluid. The parameter F is not, however, the most relevant 
measure of access to storage porosity. The A.F. flow 
behavior of a medium depends upon the ratio of con- 
ductivity in the flow channels to the conductivity from 
flow channels into storage pores, For example, if the 
conductivity of the flow channels (described in terms 
of permeability) is much lower than that to the storage 
pores, then one may see intuitively that conductivity 
to the storage pores will exercise little influence on the 
flow behavior of the medium. For a core of area 4, 
length L and permeability k, the ratio of flow-channel 
conductivity to storage-pore-access conductivity is 


k 


The dimensionless ratio X, the porostriction number 
which determines the flow behavior of a core, depends 
on the length of the core and, therefore, is not a 
property of the medium. On the other hand, the property 
XL’ does not depend on the size of the core. 


k 
XL F (4) 


Property S is termed “porostriction” and is the funda- 
mental property of the medium, defining the restriction 
of access into storage porosity. When S is large, access 
into storage pores is relatively restricted. When S is 
small, access is relatively free. It is noted that porostric- 
tion S has dimensions of length squared. 


ALTERNATING FLOW IN A CORE SAMPLE 


If the pressure at one end of an air-saturated core 
sample is alternately increased above and decreased 
below the pressure at the opposite end, air will flow 
back and forth between the ends of the sample. When 
such a pressure wave is applied to one end of a core 
and the resulting flow from the other end (or open 
end) of the core is observed, several facts are evident. 
Over a certain range of frequencies, a measurable 
quantity of air will flow out of and then into the open 
end of the core. The volume which moves at the open 
end of a given core sample will depend upon the 
frequency and the maximum pressures reached during 
the cycle. Also, the time at which maximum flow vol- 
ume occurs will be somewhat later than the time of 
maximum pressure at the closed end. This time lag 
(see time lag, Fig. 1) will change as the frequency 
changes. For any particular value of pressure level and 
frequency applied, what happens at the open end will 
also depend upon certain core characteristics—that is, 
permeability, porosity, porostricticn and the ratio M of 
storage porosity to total porosity. 

The following equations define the A.F. response of a 
core sample in terms of measured quantities. 


Dimensionless Amplitude Response = p = Reha 
(5) 
Phase Response, degrees = = x 


where = core porosity, fraction, 
L =core length, cm, 
A = core cross-sectional area, cm’, 
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atmospheric pressure, atm, 

P,, = maximum pressure above or below atmos- 
pheric, atm, 

V,, = % of the volume of air moving out of or 
into the open end of the core sample, cc, 

T = time for one complete pressure wave, called 

the period, seconds, and 

AT = difference between the time at which zero 

pressure occurs at the closed core end and 

the time at which maximum velocity, or 

zero displacement, of air coming out of 

open end of core is reached. The time of 

zero pressure is the time at which the pres- 

sure cycle is changing from above to below 

atmospheric pressure. 


The theoretical response equations for a hypothetical 
core can be derived for various proportions of flow- 
channel porosity and storage porosity and for various 
degrees of porostriction. Such equations, derived in the 
Appendix, have been solved for S/L’ values of 0.2, 1.0, 
2, 10 and 20, and M values of 0, 0.2, 0.4, 0.6, 0.8 
and 1. Fig. 2 presents an example of the computed 
theoretical relationship between the dimensionless ampli- 
tude response p and W for the previous M values at 
S/L* = 0.2. 
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EXPERIMENTAL APPARATUS AND PROCEDURE 


Thirteen limestone core samples were selected for 
testing. These samples varied in diameter from 2 to 34 
in. and from 4 to 19 in. in length. The cores were 
taken from oil-producing formations, except for the 
Cordova outcrop sample. Six of the samples previ- 
ously had been subjected to external and solution-gas- 
drive tests and showed differences between solution and 
external gas-drive performance. This difference in per- 
formance indicated the presence of storage porosity.’ 


Fig. 3 presents a schematic diagram of the test ap- 
paratus. Each sample was mounted in a rubber dia- 
phragm and placed in a steel core cell where annulus 
pressure was applied for a seal. The pump which sup- 
plied the air pressure wave was a hydraulic cylinder 
containing an “O”-ring sealed piston. The frequency 
of the pressure wave was controlled by the use of a 
hydraulic drive. The Scotch yoke attached to the air 
pump was necessary to approximate a sine-wave rela- 
tionship between pressure and time. 


The open end of the core was connected to a cali- 
brated glass tube containing a soap bubble. The tube, 
manometer and an electric timer were mounted to- 
gether. The input pressure and output response of the 
core vs time thus could be observed visually or re- 
corded by use of a motion picture camera. 


To perform an A.F. test, the input pressure ap- 
paratus was started and adjusted to a predetermined 
time period or frequency. After a stabilized input pres- 
sure wave was obtained, the following data were ob- 
served and recorded: (1) position of the soap bubble 
in the calibrated tube vs time; (2) variation in pressure 
of the input system vs time; and (3) value of the maxi- 
mum pressure reached, above and below atmospheric 
pressure. 


The preceding data were obtained for a number of 
different pressure-wave periods covering a range of 3 to 
2,000 seconds. 
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TEST RESULTS 


The previously described test data were plotted as a 
function of cumulative time. Fig. 1 presents a schematic 
drawing typical of the test results. From such a pilot, 
the values of (1) period T in seconds, (2) displacement 
amplitude V,, in cubic centimeters, (3) pressure ampli- 
tude P, in atmospheres and (4) time lag AT in sec- 
onds, were determined. Next, these basic data were used 
to calculate the dimensionless amplitude and the phase 
response (Eqs, 5 and 6). The relationship between 
amplitude and phase response for each sample then 
was expressed in graphical form. Typical results are 
shown in Fig. 4. 


Porostriction number and porosity ratio for the core 
samples were estimated by comparing (using an over- 
lay technique) the individual experimental curves of 
Fig. 4 with theoretical response curves such as those 
of Fig. 2. The estimates of these properties for six core 
samples are presented in Table 1. The other seven 
samples showed no measurable porostriction. Values of 
porostriction S shown in this table were calculated from 
the core length and porostriction number. These hetero- 
geneous-porosity limestone core samples showed poros- 
ity ratios M varying from 0.25 to 0.6, porostriction 
numbers S/L* varying from 0.2 to 15, and porostric- 
tions § varying from 12 to 6,000 cm’. 


DISCUSSION 


The theory and experimental work presented in this 
paper pertain to conditions of single-phase flow in a 
core sample. Based upon the same concepts, the authors 
developed a radial alternating-flow theory to describe 
single-phase flow in a reservoir around a well. The fol- 
lowing observation was made from study of the al- 
ternating-flow response of a well as predicted by this 
radial theory. 


For permeabilities of the order of 0.1 md or greater, 
porostriction values less than 10,000 cm’ do not influ- 
ence the alternating-flow response of a well for alter- 
nating-flow periods greater than a few hours. But the 
producing performance of a well is described in terms 
of months or years and is closely related to alternating- 
flow responses having alternating-flow periods on the 
order of months or years. Thus, it seems that porostric- 
tion values measured on core samples, such as the 


Q 

| | | 

| | 

| 

S 

D | | 

WW | | | 

| | 

| 

| 

az  |OoLitic | 

2  |DOLOMITE | 

PETTIT 

5 | PETIT 

3 PHOSPHORIA 

00! 


90 130 170 210 250 290 
PHASE RESPONSE, Y, DEGREES 


Fic. 4—ALTERNATING-FLow Core TESTINGC—EXPERIMENTAL 
Core RESPONSE. 


38S 


TABLE 1—ESTIMATION OF POROSTRICTION, POROSTRICTION NUMBER 
AND POROSITY RATIO BY COMPARISON OF EXPERIMENTAL 
RESPONSE WITH THEORETICAL RESPONSE 


Core Air Poros- Porostric- Porostric- 
Length Perm. ity tion tion Porosity 
Core (cm) (md) {per cent) No., S/L2 S (em?) Ratio, M 
Cordova Shell- 
stone* 24.5 36.0 26 10 6,000 0.30 
Pettit Lime 
Wise No. 1 9.3 8.5 19 15 1,300 0.30 
Pettit Lime 
No. 3 7.6 2.0 13 0.2 12 0.25 
Oolitic Dolomite 
3-GA 12.6 33.8 11 10 1,600 0.60 
Strawn Reef 
X-43 21.6 6.0 20 1.0 420 0.50 
Phosphoria 
3601-J 21.6 4.0 13 0.2 94 0.30 


*Outcrop sample. 


values in Table 1, cannot affect the single-phase produc- 
ing performance of a well. 

When considering two-phase flow, one can expect 
the microscopic porostriction and porosity-ratio char- 
acteristics measured on core samples to influence reser- 
voir performance. Capillary forces influence the loca- 
tion and movement of fluids in two-phase flow, and 
these forces depend upon microscopic pore character- 
istics. Porosity ratio (a measure of the relative amount 
of restricted-access porosity) and porostriction (meas- 
ure of the restriction) are characteristic of pore geome- 
try and, therefore, are parameters which should be 
related to the microscopic oil-recovery efficiency during 
some types of two-phase displacement processes. 

It is expected that a correlation connecting a given 
displacement process to porosity ratio and porostriction 
will provide useful insight into the nature of that process. 
At present, however, no definite relationship has been 
evident between porostriction or porosity ratio and 
laboratory oil-recovery perfomance. An _ unsuccessful 
attempt was made to correlate laboratory-observed dif- 
ferences in oil recovery by solution-gas drive as com- 
pared to external-gas drive’ with porosity ratio and 
porostriction. This attempt was motivated by the specu- 
lation that increased oil recovery by solution-gas drive 
is due to formation and expansion of gas bubbles in 
the storage pores, such pores being by-passed during 
external-gas drive. 

Although this described attempt at correlation was 
not successful, one might expect a correlation of other 
recovery processes with porosity ratio and porostriction 
measured on cores. For this reason, further attempts 
should be made to establish relations between recovery 
processes and the porosity ratio and porostriction com- 
bination. 

For example, consider a water drive in a water-wet 
limestone which contains restricted-access storage 
pores.* Recovery of oil from this part of the porosity 
results when these pores imbibe water contained in the 
flow channel pores. If the rate of advance of water in 
the flow channel pores is equal to or less than the rate 
of advance in the storage pores, then the most favorable 
recovery conditions will exist. If the rate of water ad- 
vance in the flow channel pores is greater than this im- 
bibition rate, then some oil in the storage pores may be 
unrecoverable. 


For this second case, the storage pores can become 
surrounded by water. Any further removal of oil by 
water imbibition into the storage pores will be opposed 
by countercurrent flow of oil into the flow channel 


*In this example, the more realistic concept of a storage pore with 
many openings applies. 
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pores. This type of oil-displacement process is much 
slower than for the first case where oil alone flows 
from the storage pores. It is believed that the rate of 
water imbibition into the storage pores will depend in 
some measure on the porostriction. Therefore, it would 
appear that the characteristics of porostriction and 
porosity ratio could determine the performance of a 
water flood. 

This same line of reasoning also would predict that 
the performance of a wettability-reversal flood of an 
oil-wet formation, such as proposed by Wagner and 
Leach,’ also could depend upon porostriction and 
porosity ratio. Intuitively, it also might be expected that 
the length of the mixing zone and, therefore, solvent 
requirements during a miscible-fluid injection program 
could be influenced by porostriction and porosity ratio. 


Brigham, et al,’ have observed differences in mix- 
ing during miscible floods in porous media. These in- 
vestigators believe that these differences in mixing in- 
directly are a measure of the microscopic inhomogenei- 
ties of porous media. Therefore, since porostriction 
and porosity ratio are microscopic characteristics of 
inhomogeneous reservoir rock, they should influence 
mixing during a miscible-fluid drive. The larger the 
porostriction and porosity ratio, the larger should be 
the length of the mixing zone. 


SUMMARY AND CONCLUSIONS 


1. The proportion of storage porosity to total po- 
rosity and the porostriction of the storage porosity are 
considered to be two significant pore-geometry char- 
acteristics of heterogeneous limestones. 

2. Alternating-flow core tests provide a method for 
estimating porostriction and the ratio of storage po- 
rosity to total porosity in reservoir-rock core samples. 


3. Porostrictions and porosity ratios in samples from 
limestone producing formations varied from 12 to 1,600 
cm’ and from 0.25 to 0.6, respectively. 


4. No correlation was found between the combina- 
tion of porostricticn and porosity ratio and laboratory 
gas-drive oil recoveries. However, further efforts should 
be made to establish correlations applicable to other 
recovery processes such as water drives or miscible- 
fluid injection. 


NOMENCLATURE** 


q = flow rate through capillary tube connecting 
storage pore to flow channel 

Ap = pressure drop in capillary tube connecting 
storage pore to flow channel 


R, = radius of capillary tube connecting storage 
pore to flow channel 
L, = length of capillary tube connecting storage 


pore to flow channel 

= fluid viscosity 

v = a volume of rock 

F = a dimensionless parameter 
L 

A 


lI 


= length of a core, cm 

= area of a core, cm’ 

= permeability of a core 
X = a dimensionless ratio 


**Symbols defined here appear in the body of the paper, and appro- 
priate dimensions are indicated in results which call for substitution 
of measured quantities. The meanings of symbols in the Appendix 
may best be understood from the context where they appear. 
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S = porostriction, cm* 

= the ratio of storage porosity to total porosity 

dimensionless amplitude response 

= 2 of the volume of air moving out of or 

into the open end of a core sample, cc 

o = core porosity, dimensionless 

P, = atmospheric pressure, atm 

P,, = maximum pressure above or below atmos- 
pheric, atm 

v = phase response, degrees 

T = the period of a pressure wave, seconds 

T =the difference between the time at which 
zero pressure occurs at the closed end of the 
core and the time at which maximum ve- 
locity, or zero displacement, of air coming 
out of the core is reached, seconds 
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APPENDIX 


In deriving the theoretical equations for the alter- 
nating-flow (A.F.) response of porostricted core, the 
fluid-flow system is described in terms of the analogous 
alternating-current (A.C.) electrical transmission line. 
This is done because the mathematical techniques of 
transmission-line theory are well developed. * 

The lumped-parameter model of an inductionless 
transmission line** is shown in Fig. 5(a) in which R 
represents the series resistance per unit length, G repre- 
sents the shunt conductance per unit length, and C 
represents the shunt capacitance per unit length. The 
behavior of such a transmission line is described in 
terms of two parameters: 


the propagation constant y, 


and the characteristic impedance Z., 
| R R 
G 


*See Chapter 6 of Ref. 8. 

**An inductionless line is studied in anticipation of the neglection 
of fluid-inertia effects in the description of the flow system. Theoreti- 
cal studies showed that, for all of the tests reported in this paper, 
such a neglection is reasonable. 
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The analogy of an A.F. core test is a transmission 
line of length L subjected to an A.C. steady-state volt- 
age at the input or sending end, the output or receiving 
end being short-circuited. For such a line, the sending- 
end voltage Es; and the receiving-end current J, are 
related, according to Eqs. 6 through 19 of Ref. 8, by 
the following equation. 


TS 1 2 yL (9) 

It is convenient to separate y into real and imaginary 
parts, 


Then, Eq. 9 becomes 
Tx 1 aL + iBL 
Es RL sinh aL cos BL + i cosh aL sin BL 


Written in terms of an amplitude ratio D and a phase 
angle 8, the response becomes 


Tn D id 

where 

(aL)? + (BL)? 

sinh* aL cos’ BL + cosh’ aL sin’ BL 
and 
ee aL sinh aL cos BL + BL cosh aL sin BL 


BL sinh aL cos BL — aL cosh aL sin BL 

The time-honored, lumped-parameter electrical anal- 
ogy to flow through a permeable core is shown in Fig. 
5(b). In that figure the series resistors represent the 
compressibility of fluid in the pores. Fig. 5(c) depicts 
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the electrical analogy to flow in a core in which access 
to a part of the pore space is restricted, that is, where 
there is porostriction. Each characteristic lump in the 
network of Fig. 5(c) has two shunt capacitors. The 
capacitors designated C, represent the compressibility 
of fluid in the flow channel pores, and those designated 
C, represent the compressibility of fluid in restricted- 
access storage pores. The access into the storage pores 
is represented by the conductance G, of the resistors in 
series with capacitors C,. If the lumped parameters are 
considered to relate to a unit length of a uniform trans- 
mission line, then the table of analogs (Table 2) may 
be compiled. 


The last analog in Table 2 is obtained by noting that 
the total conductivity to porostricted porosity is FAL/p. 
But from Eq, 4, 


k 
Hence, conductivity per unit length is 
(16) 
It, L pS 


In applying the response formulas (Eqs. 13 and 14) 
to the analog of interest, it must be recognized that 
the transmission line in Fig. 5(c) is not the same as 
that in Fig. 5(a). The line in Fig. 5(c), however, may 
be considered to be of the type in Fig. 5(a) if the 
parameters of the two systems are related by the follow- 
ing equations. 


G= — ee AF) 


(18) 


The first step in transforming electrical response ex- 
pressions to the A.F. core system is to note the follow- 


TABLE 2—TABLE OF ANALOGS 
Fluid Flow ina 
Permeable Core with 
Porostriction 


Current Flow in the 
Elecrical Transmission 
Line of Fig. 5(c) 


Sending-end Input A.F. 
A.C. voltage, (Es) pressure, (Pi) 
Receiving-end Output A.F. 


flow rate, (Qo) 
Flow resistance 


A.C. current, (Ir) 


Resistance per 
unit length, (R) 
per unit length, ae 


Total fluid compressibility 
Pa 

Capacitance per Compressibility of fluid 


unit length, (C. 
gth, (Ci) in porostricted porosity, Ame ) 
a 


total shunt capacitance 
per unit length, (C1 + C2) 


per unit length, 


Capacitance per Compressibility of fluid 


unit length, (C2) A(1-M)é ) 


in flow channel porosity, ( P 
a 


Conductance per Access to porostricted 
unit length, 
porosity, | —— 
*This assumes that we may consider the compressibility of air as con- 
stant and equal to the isothermal compressibility of air at atmospheric 
pressure; i.e., c= —p, The assumption is reasonable so long as Pm _ is 
a 
small compared to Pa. For tests reported, Pm/Pa was of the order of 0.01. 
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ing analogs. 


19 
C. u (19) 
Ak 
oy Uy, C 27 AM MS 
where dimensionless period 7 has been defined as 
KP 


Then Eqs. 19 and 20 may be substituted into Eqs. 17 
and 18, and the resulting expression then may be sub- 
stituted into Eq. 7 to find the analog of y. Separation 
of y into real and imaginary parts according to Eq. 10 
leads to the following analogs for a L and f L. 


MS 
2 MS \? 
and 


aL 


(23) 
where 
b=1+ 
Since R ~ — the A.F,. response of a core may be 
written, according to Eq. 12. 
On 
2 
(25) 
kA 
or 
(26) 
kA 


The meaning of this complex equation is that in- 
stantaneous values of flow rate and pressure are related 
by the real part of this equation. Thus, if instantaneous 
pressure p is given by 


then instantaneous flow rate g is given by 


DA 
q = real part of (?. 


DAk 

q = ——P,, cos t + 8) 

in which we have defined 

pL 


But for measurement, it is more convenient to express 
the response in terms of flow volume rather than rate. 


*Here, frequency in radians per unit time has been expressed in 
terms of the period T of the signals. 
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1 
oC, 
| 
G 
Ga— G, ay G, ) 
(Gi C,, 


The instantaneous value of flow volume, v = V,, cos 
(wo t — W), is related to flow rate as follows. 


dv 
dt 
or 
On CoS (ot + 8) = Vp c0s( 
(31) 
V 2 
OF m m (32) 
and 
$= (33) 
so that 


tan ¥ = cot 6 = 
aL sinha L cos BL + BL cosh L sin 8 
(34) 
Note that is the angle by which 
output flow volume Jags input pressure. 
Substituting Eq. 32 into Eq. 29, multiplying the re- 
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sult by 7 and re-arranging terms, one may obtain the 
following expression for dimensionless amplitude re- 
sponse p. 


in which, from Eq. 13, 


(a L)? + (B 
(36) 
One sees that response p is indeed ainenstontens since 


7A Le is the ratio of maximum output volume over the 


total pore volume in the core, and pis the ratio of 


atmospheric pressure over the maximum input pressure 
amplitude. Of course, both volumes must be expressed 
in the same units, and both pressures must be expressed 
in the same units. 


To determine the curve ¥ vs p for any given values of 


and M, one simply chooses various values of dimen- 


sionless period 7 and calculates values of and p using 
235.24, 
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The Evaluation of Vertical-Lift Performance in 
Producing Wells 


R. V. McAFEE 
MEMBER AIME 


ABSTRACT 


The fundamentals of vertical-lift performance are 
examined with the aid of computer-calculated flowing 
gradient charts. 


Flowing and gas-lift well performance characteristics 
are determined from available well test data. The effect 
of tubing size, gas-liquid ratio and wellhead pressure is 
discussed for both flowing and gas-lift wells. The effect 
of gas-injection pressure, formation gas, bottom-hole 
pressure and valve spacing is also discussed for gas lift 
wells. From these studies conclusions may be reached 
for improving or prolonging natural flow, obtaining 
optimum lift efficiency when natural flow ceases and 
improving existing gas-lift systems. 

The techniques perfected satisfy the requirement that 
the time involved to conduct an evaluation be practical 
for operating personnel. 


INTRODUCTION 


Flowing pressure gradients furnish the key to success- 
ful evaluation of vertical-lift performance in producing 
wells. 


Command of multiphase flow gradients in some 
readily usable form is a necessity before operating 
personnel can competently include vertical-lift perform- 
ance evaluation of both flowing and artificial-lift wells 
in their over-all consideration of production efficiency. 
A readily usable form cannot be overemphasized since 
most of the decisions which confront the production 
engineer with a problem well must be made quickly. 


In moving a barrel of oil from the reservoir to the 
stock tank, the major portion of energy generally is 
expended in the vertical-lift phase. This may or may 
not be of concern during the flowing life of a well, 
depending upon the production requirements. It be- 
comes of some concern when the flow performance of 
the well becomes erratic, and a conscious effort must 
be made to maintain natural flow. It is at this time that 
the first steps may be taken to modify existing conditions 
to relieve unnecessary limitations to proper flow. 

When natural flow ceases and some form of artificial 
lift must be installed, the amount of energy expended 
in lifting liquids becomes quite obvious, It is at this 
time, if no other, that lifting efficiency becomes im- 
portant because that part which must be supplied from 
an outside source is now related directly as a cost per 
barrel of oil procuced. 


Ten years ago, the majority of gas-lift wells were 


Original manuscript received in Society of Petroleum Engineers 
office Sept. 12, 1960. Revised manuscript received Jan. 30, 1961. 
Paper presented at 35th Annual Fall Meeting of SPE, Oct. 2-5, 
1960, in Denver. 
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produced with gas-well gas. Today, the majority are 
produced by closed rotative gas-lift systems. This per- 
mits a direct evaluation of well performance in terms 
of horsepower requirements and has resulted in mixed 
conclusions as to the success of gas lift based upon the 
relative efficiency of a particular system. An increased 
awareness of the need to resolve vertical-lift perform- 
ance on a readily usable, scientific basis was inevitable. 


An indication of the need for better applied science 
in this field is the often-asked question of whether or 
not gas-lift can efficiently deplete a given well or reser- 
voir. This question cannot possibly be answered without 
first evaluating reservoir, surface and vertical-lift per- 
formance both as encountered today and as anticipated 
throughout the life of the well or wells. 


The technique presented in this paper was originally 
developed to upgrade gas-lift installation design from 
an applied art to an applied science. It has since been 
successfully used not only for this purpose, but also for 
the whole field of vertical-lift performance in its broad- 
est sense. Lift efficiency should be considered important 
while the well is still flowing, as well as after natural 
flow ceases. Correct interpretation and proper modifica- 
tion of the vertical-lift performance of a producing well 
can provide dramatic improvement in production per- 
formance and/or efficiency. 


STATEMENT OF THEORY AND DEFINITIONS 


Fig. 1 illustrates the three divisions of production 
which will be used in this paper. 

The terms are a modified version of those presented 
in the very fine paper by Gilbert.’ The fields of reser- 
voir and surface performance both have been greatly 
improved over the years. A study of those writings 
which may be found indicates that the field of vertical- 
lift performance has not progressed as well. There are 
two possible reasons for this lack of progress. 


1. It has not been recognized as a scientific field in 
itself by the oil companies, as has reservoir engineering. 


2. The equipment companies have confined their ef- 
forts to mechanical design research rather than the more 
basic study of vertical-lift performance of producing 
wells. 


Both organizations must have an economic stimulus 
for doing research in this field, and most of the results 
obtained in past work has been so erratic as to arouse 
little enthusiasm. 


The basic purpose of interpreting vertical-lift per- 
formance is to predict operating conditions below the 
surface of the ground from available data. The success 
of the interpretation depends upon the accuracy with 


1References given at end of paper. 
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which the pressure gradient of the producing well can 
be predicted. The gas-lift industry elected to express 
this interpretation as a linear gradient for a given tubing 
size and rate of liquid flow, as shown in Fig. 2. Un- 
fortunately, this is a completely invalid concept. 


Fig. 3 shows the true nature of the gradients which 
exist in vertical flow. The gradient line marked “Liquid- 
Static” is a straight line since it is all liquid and may 
be expressed as a linear gradient in psi/ft. The line 
marked “Liquid-Flowing” is also a straight line since 
it too is all liquid. It differs from the static gradient 
because the liquid is in motion and flow resistance in- 
creases the pressure drop per unit of length. This 
gradient would ocur in artesian flow, It may also be 
expressed as a linear gradient in psi/ft. 

A radical change takes place when gas is present with 
the liquid in the vertical column. This is shown in Fig. 
3 as “Liquid and Gas-Flowing”. The pressure gradient 
becomes less because of the presence of the gas. The 
gradient is no longer a straight line because the fluid is 
now a compressible mixture and the density increases 
with the increased pressure at increasing depths in the 
well. The latter is the key to all proper thinking with 
respect to flowing gradients. 

A final point to be made is that the amount of gas 
per volume of liquid determines the density; variations 
in gas volume per volume of liquid will vary the den- 
sity and, therefore, the flowing gradient. Thus, it can 
be seen that, at a given rate of liquid flow and other 
constant conditions, there must be a different depth- 
pressure gradient for each gas-liquid ratio. 

Recognizing this to be true places a responsibility 
upon the individual to then seek a practical method of 
interpreting gradients in their true form as a curve and 
as a function of the volume of gas per volume of liquid. 
The most commonly accepted mathematical interpreta- 
tion is that presented in the excellent paper by Poett- 
mann and Carpenter.’ Use of their mathematics was 
found to give an acceptable accuracy; however, it was 
time-consuming because the following 12 variables 
were taken into consideration for each calculation: 
tubing size, rate of liquid flow, gas-liquid ratio, flowing 
wellhead pressure, liquid composition, flowing friction 
factor, compressibility factor of gas, gas-liquid solubility, 
formation volume factor, average flowing temperature, 
gas gravity, and liquid gravity. 
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It should also be noted that the viscosity was not 
considered to be of influence on the pressure gradient. 


It was evident that an attempt should be made to 
resolve the mathematics to a language common to 
standard oilfield data, and to fewer significant variables. 
Gilbert* stated in his paper that “.. . there is a different 
depth pressure gradient for each size of pipe, each rate 
of liquid flow, and each gas-liquid ratio”. In a footnote 
he further stated that, “Gradients presumably are also 
affected by many other factors including liquid surface 
tension, viscosity and gravity, flowing temperatures, gas 
gravity and gas-liquid solubilities”. 

“However, there is a reasonably close correspondence 
between results which have been obtained in the light- 
oil (25° to 40° API) fields of Long Beach, Santa Fe, 
Dominguez, Ventura, Canal and Ten Section, and sev- 
eral foreign fields without adjusting for such factors. 
Also, it has not been found necessary to correct gradients 
for water cuts. However, the gradients are inadquate to 
predict the effects of emulsions.” 

Using this philosophy, the listed variables of Poett- 
mann and Carpenter were evaluated and the following 
was determined. 

1. Liquid gravity, gas gravity and average flowing 
temperature could be fixed as a field constant without 
impairing the accuracy of the calculations from a prac- 
tical-use standpoint. 


2. The formation volume factor and gas-liquid solu- 
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bility are significant variables when oil is the liquid, but 
not when water is the liquid. These variables were taken 
into consideration in the oil calculations. 


3. The flowing friction factor and the compressibility 
factor of gas are both significant, but they can be re- 
solved at a given moment in the calculation. 


4. The liquid composition is significant in the high 
flowing density range (low gas-liquid ratio) but becomes 
less significant as the flowing density decreases. 

5. Tubing size, rate of liquid flow, gas-liquid ratio 
and flowing wellhead pressure are significant and must 
be considered individually with each problem, 


The mathematics then could be resolved to four 
significant variables and plotted in a charted form for 
direct use. 


An electronic computer program was set up to run 
the necessary calculations, and master charts were 
plotted as a pressure-depth relationship for tubing sizes 
of 1, 14%, 1%, 2, 24%, 3 and 4-in.; rates of liquid flow 
from 50 to 10,000 B/D of liquid as applicable for each 
tubing size; and gas-liquid ratios from 0.0 to 4.0 
Mcf/bbl. One complete set was plotted for 1.074 specific 
gravity water, and another for 32° API oil. 


The calculations were run to a pressure of 4,000 psig. 
The published charts’ are plotted to 2,800 psig. A set 
of charts plotted to 4,000 psig will be available, as will 
a set for 15%4-in. nominal tubing size. An example of 
the water and oil charts are shown in Figs. 4 and 5. 


ACC CURVES 


The original accuracy checks run against the curves 
were based upon flowing bottom-hole pressures and 
related test data which permitted a flowing bottom- 
hole pressure correlation from the charts. It was found 
that the average error over all the checks made was 
3.87 per cent. However, it should be pointed out that 
these checks were subject to the usual errors found 
in the measurement of gas (or reading thereof), meas- 
urement of water production involved and measurement 
of flowing wellhead pressure. These three variables are 
each significant and subject a chart interpretation to 
apparent error if any are, in themselves, in error, This 
is not intended to challenge testing practices so much 
as it is to point out the inherent weakness in single-point 
correlations. The most important checks that have been 
made are those that permit a multi-point correlation 
from the top to the bottom of a well. It is here that the 
actual slope of the pressure gradient can be correlated. 
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This is of much greater importance than single pressure 
readings because a single reading does not provide an 
opportunity to determine the cause of any error. Usually, 
the pressure bomb reading and well test data are ac- 
cepted as accurate and the calculated approach in ques- 
tion. 

Fig. 6 shows one of the many “picture-book” correla- 
tions that have been made. The curvature of both flow- 
ing gradients is apparent, and the gradient lines drawn 
are the actual curves from the master charts for the 
corresponding tubing size and gas-liquid ratio using 
the 600 B/D of liquid water chart. 

Fig. 7 shows a correlation which required an inter- 
polation for gas-liquid ratio both above and below the 
point of gas injection. Again, the multi-point correla- 
tion is invaluable in determining the validity of the 
curves. This figure can be used to demonstrate the 
stated weakness in single-point correlations. If all con- 
ditions remained the same except that the formation 
gas-liquid ratio had been estimated or calculated to be 
0.10 Mcf/bbl rather than the actual 0.066 Mcf/bbi, 
the error at 6,000 ft would have been 100 psig in 2,600 
psig, or 3.85 per cent. The average error for single- 
point correlations was 3.87 per cent. 


ADJUSTING FOR WELLHEAD PRESSURE 


The method of adjusting for wellhead pressure is 
shown in Fig. 8. “A” and “R” represent two pressure 
gradients which have the same tubing size, rate of liquid 
flow and gas-liquid ratio. The fourth significant variable, 
wellhead pressure, requires an adjustment before a 
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correlation can be achieved. The correlation must be 
made along constant pressure planes. This is related 
to the flowing density of the fluid. The section of 
Gradient B from 300 psig to the surface has no correla- 
tive counterpart in Gradient A. The section of Gradient 
A from 1,600 psig to depth also has no correlative 
counterpart in Gradient B. 


The remaining sections of the two gradients can be 
correlated by shifting one laterally to the other. This 
procedure applies to all wellhead pressure adjustments 
made on the master charts. These charts are designed 
for direct overlay with a graph work sheet, and ail 
pressure adjustments are made by lateral shifting of the 
work sheet keeping the abscissas aligned. Having made 
the pressure adjustment, the desired segment of the pres- 
sure gradient is traced directly upon the work sheet. 


EVALUATION OF FLOWING WELL 
PERFORMANCE 


The effect of wellhead pressure upon flowing bottom- 
hole pressure is shown in Fig. 9. When the pressure 
is lowered 100 psig at the surface, the flowing bottom- 
hole pressure is reduced 330 psig. Again, this relates 
directly to flowing density and the over-all change in 
slope characteristic of the pressure gradient at the lower 
wellhead pressure. It should be noted that this evaluation 
is made at a constant rate of flow. In the field, any 
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decrease in flowing bottom-hole pressure would normally 
result in an increase in production rate. This increase in 
rate might be considered the source of an offsetting in- 
crease in flowing bottom-hole pressure. However, so 
long as the change in rate occurs between the extremes 
of friction and slippage, no appreciable change in pres- 
sure gradient would occur at the increased rate at a 
given gas-liquid ratio. 

For example, with a P.I. of 1.0 B/D of liquid/psi, the 
well in Fig. 9 would produce 330 B/D of liquid more, 
or a total of 930 B/D of liquid, at the decreased flow- 
ing bottom-hole pressure if no change occurred in the 
characteristic of the flowing gradient. Fig. 10 shows a 
plot of inflow performance against tubing intake per- 
formance for 160 psi and 60 psig. The well would 
actually produce 890 B/D of liquid at the reduced well- 
head pressure, The example is based upon a constant 
gas-liquid ratio. 

One particular production decline characteristic is 
pointed out since it is related to changes in gas-liquid 
ratio in the vertical column. Fig. 11 shows the progres- 
sive deterioration of well performance brought about 
by a change in water-oil ratio. None of the other con- 
ditions is allowed to vary. The change is not the presence 
of the heavier liquid but, rather, the change in total gas- 
liquid ratio as the produced gas declines with oil pro- 
duction. This is based on produced gas being solution 
gas only. To ensure a true relation to change in gas- 
liquid ratio, the 100 per cent water chart was used for 
all curves and no water-oil interpolation was made. The 
comparison including the water-oil interpolation would 


PBHF| 
2000 
APwH = 160- 60= 100 PSIG. PBHF > 
APgHF = 2130 - 1800 = 330 PSIG. 
1600 
a 
12007 
=) 
600 BLPD 
020 MCFB 
2" TBG. 
DEPTH, FT. 
1000 2000 3000 4000 5000 6000 7000 


Fic. $—Errect oF WELLHEAD PRESSURE UPON FLOWING 
BoTroM-HOLE PRESSURE. 


600 BLPD 
890 BLPD 


2800 A. 
B. 


160 PSIG. 


60 PSIG. 
1600 


0.2 MCFB 


BLPD 
400 


200 600 800 


Fic. 10—Puor or 2.0-In. Tuptnc PERFORMANCE 
at 6,500 rr vs InrFLow PERFORMANCE OF WELL. 


393 


|| 
I 4 | | 
1200 
=. 
yn 
a 
800 
‘ 
400 <2 _McFB 
_ 2158 MCFB | 
0:20) MGB 
2400 
(0) 
/ 
800 © 
ro} 
AGO 


show the decline to be even more pronounced. Unless 
gas-liquid ratio is considered in vertical-lift performance 
evaluations, this occurrence would be overlooked. 


The method of obtaining a P.I. from a given static 
bottom-hole pressure and well test data is shown in 
Fig. 12. The technique is used when a static bottom- 
hole pressure and well test information is all that is 
available. It is also used to check the results of a flow- 
ing pressure survey which was run to establish a P.I. 
For this check, well test data for a period of several 
weeks before or after the study are used in conjunction 
with the available static bottom-hole pressure. These 
well tests should include some that are under stable 
conditions and permit the calculation of a true produc- 
ing P.I. The majority of the checks made to date show 
a calculated P.I. approximately one-half that obtained 
from the pressure survey. These were not permitted to 
reach their stabilized, flowing bottom-hole pressures 
before the bomb was pulled and readings were made. 

Fig. 13 shows a method of obtaining a P.I. when no 
bottom-hole pressure survey information is available. 
The P.I. is based upon the change in flowing bottom- 
hole pressure at different rates of flow. When good test 
data were available, this method gave satisfactory results. 


The P.I. of a well is not necessarily a constant, but 
can change with different rates of flow. The method 
outlined in Fig. 13 provides an economical way to ob- 
tain a flow performance curve, or IPR, by producing 
the well at several different rates and accurately meas- 
uring the necessary test data. This has also been suc- 
cessfully carried out on well data which had been ob- 
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tained before cessation of natural flow, and the infor- 
mation obtained was used to design a proper gas-lift 
installation for re-starting and supplementing natural 
flow. 

There is another method of using the charts when 
a flowing bottom-hole pressure reading is all that is 
needed. Instead of using a graph work sheet, the pres- 
sure reading is made directly from the master chart 
after first correcting for wellhead pressure. This correc- 
tion is made by determining the depth from zero at 
which the wellhead pressure occurs for the given gas- 
liquid ratio, and adding that depth to the reference 
depth of the well. The flowing bottom-hole pressure 
point is then read from the applicable gas-liquid ratio 
curve at the corrected reference depth on the master 
chart. 


EVALUATION OF GAS-LIFT WELL 
PERFORMANCE 


The basic layout shown in Fig. 14 will be used 
throughout the gas-lift discussion. The design is pre- 
dicated upon a knowledge of the productivity of the 
well. It will be shown that, if you are unable to deter- 
mine the expected characteristics of a well, any degree 
of success can only be attributed to pure chance. 
Efficient supplementing of natural flow must be tailored 
to well performance characteristics. 


Each illustration in this section is a study of the 
effect of one variable upon lift efficiency. This is done 
for two reasons: (1) the relative importance of each 
variable can be better resolved; and (2) questions arising 
in daily operations involve only one variable. 
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it the effect of more than one variable is involved in 
a particular problem, it may develop that the best 
economic solution lies not in making all possible cor- 
rections but, rather, in making only those which effect 
the major improvements in operation. Studying the 
problem with each individual variable provides such 
an opportunity. 


The effect of the variables is expressed as horsepower 
requirements. The requirements are shown in block 
graph form and do not have a numerical value assigned. 
They have been scaled off very accurately and are de- 
signed to show the relative change in horsepower as the 
variable changes. 


Fig. 15 shows the effect of wellhead pressure. This 
illustration is based upon a constant intake pressure at 
the compressor of 25 psig. The higher-than-necessary 
wellhead pressure would be the result of: (1) too long 
a flow line; (2) too small a flow line for the amount 
of fluid produced; (3) reduced ID from deposition or 
paraffination; (4) too many right angle turns, choke 
cages, chokes, restricted opening valves, or lack of 
streamlining at the tree; and (5) too high a separator 
pressure. 


Over four times the horsepower would be required 
at 200-psig wellhead pressure as is required at 50 psig. 

An alternate example is shown in Fig. 16. This figure 
is the same except that the compressor intake pressure 
is set at 15-psig less than wellhead pressure. Although 
the compression requirements are now less at the higher 
wellhead pressure, it still takes over four times the 
volume of gas to produce against the 200-psig wellhead 
pressure, and more horsepower is required to handle a 
larger volume of gas, More than twice the horsepower 
is still required to lift the fluid at 200-psig wellhead 
pressure as is required at 50 psig. 


Fig. 17 shows the effect of tubing size upon horse- 
power requirements. As stated earlier, this would vary 
with rate.of liquid flow and gas-liquid ratio, with the 
larger tubing sizes becoming even more favorable as 
the rate increases. There is not enough data available 
on flow performance in small tubing sizes (1 and 1% 
in.) to determine their relative value at lower rates of 
flow. 


Particularly where depletion must be at high with- 
drawal rates, vertical-lift performance should be con- 
sidered before wells are completed slim hole. In the 
example shown, five times the horsepower would be re- 
quired for 1.5-in. tubing as for 2.5-in. tubing. 


In addition to the relative efficiency of various tubing 
sizes, there are problems encountered where the desired 
production rate is either impossible or requires a high 
horsepower commitment for the given operating condi- 
tions. A larger tubing size often will permit the desired 
rate with reasonable horsepower requirements. In this 
manner, a well was successfully produced at 800 B/D 
of liquid and an injected gas-liquid ratio of 0.7 Mcf/bbl 
with 2'-in. tubing; when it could not be produced at 
over 400 B/D of liquid with 2-in. tubing installed. 


Combination strings should not be overlooked when 
confronted with such problems as a well which will not 
produce the desired rate with 2-in. tubing but requires 
its use in the lower section of the well because of a 
liner, Swaging to 214-in. tubing above the liner often will 
permit production of the desired rate. Whenever more 
than one size is used, a switch from one tubing gradient 
to the other is made at the depth where the change is 
to be made. 

Gas-injection pressure has a definite effect upon lift 
efficiency. As shown in Fig. 18, a point of injection at 
3,800 ft using 600-psig pressure would require four 
times the horsepower required at a point of injection at 
6,800 ft using 1,700-psig pressure. By far the largest 
number of gas-lift systems in operation today are in- 
jecting in the 500- to 700-psig range. 

Although no arbitrary control normally can be ex- 
erted upon the amount of formation gas produced, it 
too has a very definite effect upon gas-lift performance 
as shown in Fig. 19. It should never be ignored when 


2000 HORSEPOWER REQUIREMENTS _ PBHF 
1600 
800 BLPD 
{ 0.05 MCFB 
PWH 
a 
a 
800 
1.40 MCFB 
0.70 MCFB 
0.50 MCFB 
035 MCFB 2" TBG 
DEPTH, FT. 
1000 2000 3000 4000 5000 6000 7000 


Fic. 16—Errect or FLowinc WELLHEAD PRESSURE UPON HoRsE- 
POWER REQUIREMENTS—COMPRESSOR INTAKE = P,,,, — 15 PsIc. 


2000 HORSEPOWER REQUIREMENTS PRHF 


1600 

800 BLPD 

0.05 MCFB 

29) 

a 

a 
800: 


1.40 MCFB 400 08 MCFB 
400 0.70 MCFB b 0.25 MCFB p 
0.35 MCFB 
DEPTH, FT. DEPTH, FT. 
1000 2000 3000 4000 5000 6000 7000 1000: 2000 3000 4000 5000 6000 7000 


2000 


PBHF 
HORSEPOWER REQUIREMENTS 


1600 


PSIG. 


800 BLPD 
005 MCFB 


1200 


PRESSURE 


180 


Fic. 15—Errect or FLow1nc WELLHEAD PRESSURE UPON 


POWER REQUIREMENTS—COMPRESSOR INTAKE = 20 PSIG. 


APRIL. 1961 


Fic. 17—Errect or Tugine Size upon HorsEPOWER 
REQUIREMENTS. 


395 


working out a design problem. It is one of several ex- 
planations why two installations in presumably “identi- 
cal” wells will perform at widely divergent injected gas- 
liquid ratios. 

The change in performance is affected by two factors. 
One is that the point of gas injection is not as deep for 
higher formation ratios. The other is that the formation 
gas is deducted from the total produced-gas require- 
ment; the more the formation gas volume, the less the 
injected gas required. This is illustrated in the ultimate 
by the 0.3-Mcf/bbl curve. With that formation gas- 
liquid ratio, the well would be flowing naturally with 
a wellhead pressure of 150 psig. 


The effect of flowing bottom-hole pressure is shown 
in Fig. 20. In many cases, nothing can be done except 
to anticipate the condition that actually exists in the 
well. This condition can range from some degree of 
satisfactory operation to the extreme of an impossible 
situation for the desired volume of liquid as Paurs. 


Four times the horsepower would be required to 
produce at Psar,; aS would be required at Psyr:. This 
change in Psy would be the result of either a normal 
decline in reservoir pressure or the necessity for in- 
creased drawdown at a constant reservoir pressure but 
deteriorating P.I. Thus, horsepower requirements would 
increase with time under these conditions. 


The most interesting work done in connection with 
flowing bottom-hole pressure has been to obtain an 
improvement in productivity after producing wells at a 
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TABLE 1—RESULTS FOR ONE WELL 


Before After 
Tubing 2 in. 2.5 in. 
B/D of Total Liquid 540 
Oil 10% 14% 
Injected Gas-Liquid Ratio 0.5 Mcf/bbl 0.09 Mcf/bbI 


Lift Method Intermittent Continuous 
Peale 0.67 31.8 


higher withdrawal rate than any previous time in the 
life of the well. Using a reverse line of reasoning with 
Fig. 20, it may be shown that for a given well with 
producing conditions the same as Pgrr, an improvement 
in productivity that would permit withdrawal at the 
same rate at bottom-hole conditions the same as Psur 
would reduce horsepower requirements to 26 per cent 
of the original requirements. 

Table 1 lists the results for one particular well. 

No other operating conditions such as wellhead and 
injection pressure changed. The combination of 2.5-in. 
tubing and continuous lift permitted a greater sustained 
downdraw across the sand face with the resultant change 
in productivity. Summarizing part of this data, the well 
is being produced at 3.3 times the previous rate of flow 
with 60 per cent of the original horsepower requirement. 
The measured flowing bottom-hole pressure at 540 B/D 
of liquid is now actually higher than the measured 
flowing pressure at 162 B/D of liquid. 

Both P.I.’s were carefully obtained with bottom-hole 
pressure surveys and correlated with the master curves. 
The production is now held to 540 B/D of liquid for 
allowable reasons. To check the measured production 
potential, the well was opened up and produced at the 
rate of 1,460 B/D of liquid. This type of well response 
has been encountered many times in our work, and it 
has been discussed in various published papers. If it can 
be anticipated from a calculated P.I. using formation 
data that the actual producing P.I. is appreciably less 
than the formation P.I. of the well, steps can be taken 
to clean up the well and permit operation at greatly 
reduced horsepower requirements. 


Fig. 21 shows the importance of correct valve place- 
ment with respect to horsepower requirements. If a 
point of injection were located at “A”, the horsepower 
requirements would be over twice that required if it 
were located at “B”. If the point were located at “C”, 
injection would be impossible. Not only must the point 
of injection be properly located, but so also must any 
valves used to unload to the point of injection, All must 
be located in a manner which will accommodate the 
productivity of the well and achieve the desired point 
of injection. Any design which does not take well per- 
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formance into consideration is relying upon pure chance 
that it will be successful. 


NOTES ON SPECIAL DESIGN PROBLEMS 


No attempt is made to demonstrate a method of 
installation design. Once the vertical-lift performance of 
a well has been evaluated, the design becomes a straight- 
forward procedure to fulfill the requirements dictated 
by the well. However, the design of an installation both 
from the standpoint of valve spacing, pressure setting 
and gas throughput requirements should be based upon 
sound engineering principles to insure attaining the de- 
sired performance. 


Fig. 22 shows the difficulty encountered in gas-lifting 
wells with formation ratios of 0.6 Mcf/bbl and higher. 
The change in flowing gradient created by adding gas 
does not have the dramatic effect which is encountered 
in low-ratio wells. In the example, more than doubling 
the amount of gas in the vertical column from 5,000 ft 
to the surface raises the flowing wellhead pressure from 
40 to 100 psig. In contrast, a like injection of an 
additional 0.6 Mcf/bbl of gas at the same depth in a 
well with a formation gas-liquid ratio of 0.05 Mcf/bbl 
would raise the wellhead from 40 psig to 660 psig. 


Higher-ratio wells, which can no longer flow on their 
own, present a more difficult artificial-lift problem than 
wells with low ratios. 


The need for caution in designing an installation for 
a high-P.I. well is shown in Fig. 23. The point of in- 
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jection which will produce the desired 800 B/D of 
liquid is very close to the static pressure gradient. All 
valves above this final point would unload static fluid, 
but none would sustain a drawdown in bottom-hole 
pressure. When the final point of injection is reached, 
the drawdown at bottom would increase from 0 to 100 
psig, and the sustained production rate from 0 to 800 
B/D of liquid. If the point of injection were located 
50-ft higher in the hole, either through mis-design or 
mis-spacing, the well would only produce 480 B/D of 
liquid, Care should be exercised to prevent missing the 
correct evaluation of high-P.I. wells. 


There is a distinction to be made between restarting 
a well and supplementing natural flow. In wells with 
little or no formation gas, this may be possible from 
the same injection point. When a well will produce with 
any appreciable formation gas, it must be re-started 
from one depth and supplemented at another. This is 
shown in Fig. 24. Formation Gradient A is the 0.0- 
Mcf/bbl curve with the well producing at the rate of 
of 600 B/D of liquid. The necessary point of injection 
is at 4,500 ft. When the normal 0.2-Mcf/bbl formation 
gas-liquid ratio returns to the vertical column, the point 
of injection will move up to 3,650 ft. Two completely 
separate points of injection are required for proper 
operation of the well. 


The higher the formation gas-liquid ratio, the farther 
apart the two points. The extreme example of this con- 
dition is Fairbanks field where wells are unloaded to, 
and produced from, bottom until formation gas breaks 
in, at which time they will return to natural flow. 
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Fig. 25 illustrates a design problem with the final 
point of gas injection above the static pressure gradient. 
This is brought about by the 0.2-Mcf/bbl formation 
gas-liquid ratio creating a flowing gradient which crosses 
the static pressure gradient below the final point of gas 
injection. The final point of injection shown is not 
capable of creating sustained production from the for- 
mation until gas evolves; and, as discussed with Fig. 24, 
no formation gas can be counted upon until after for- 
mation fluid is produced. 

Unless additional valves are run deeper to re-start 
formation flow, this well will not produce. 

Fig. 26 is a composite of Figs. 24 and 25, illustrating 
re-starting below the static pressure gradient at 4,500 
ft with a required injected gas-liquid ratio of 0.8 Mcf/ 
bbl, finally supplementing at a point above the static 
pressure gradient with an injected gas-liquid ratio of 
0.2 Mcf/bbl. 


LIMITATIONS OF THE MASTER CHARTS 


The following are the listed areas in which the curves 
are either unproven or suspect. 

1. The 1- and 1%4-in. curves have not been verified 
because of the lack of available pressure survey data 
for these sizes. 

2. The curves plotted for gas-liquid ratios above 2.0- 
Mcf/bbl have not correlated with pressure surveys at 
rates of flow of 400 B/D of liquid or less. It is believed 
that this point marks a transition from foam flow to 
mist flow and exceeds the mathematics of Poettman 
and Carpenter. The curves of Gilbert have given a good 
correlation when used in this range. 

3. These curves are for continuous flow and will not 
provide suitable data for intermittent flow. 


CONCLUSIONS 


Some of the work accomplished to date on a practical 
approach to the evaluation of vertical-lift performance 
in producing wells is summarized. The material dis- 
cussed is only a part of the total work which has been 
done. Evaluations have been made and gas-lift designs 
run in dual completions and casing-flow installations 
with excellent success. The vertical-lift performance in 
rod and hydraulic-pump installations has been evaluated 
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with good results, and even our approach to intermittent 
gas lift has been greatly improved by the knowledge 
gained from the work with the techniques. There is an 
uncounted amount of work still to be done to resolve 
all phases of vertical-lift performance to a true applied 
science. 

For those whose interest is maximum rate rather than 
optimum efficiency, it should be pointed out that the 
study of every variable in the paper can be revised with 
increased production as the main objective. 

A definite advantage to the techniques developed is 
their use of charted flowing gradients, This permits the 
techniques to be applied to any approach to flowing 
gradients so long as the approach can be resolved to a 
depth-pressure relationship. 

It is the author’s sincere belief that vertical-lift per- 
formance is the true field of petroleum production 
engineering and that it is a scientific field as important 
economically as the field of reservoir engineering. In 
comparison, it is virtually untouched. Though some may 
regard this paper as an oversimplification of the prob- 
lem, they may also agree that some simplification would 
serve to promote improved practices in the evaluation 
of vertical-lift performance in producing wells. 


NOMENCLATURE 


Pw = flowing wellhead pressure, psig 
Psugs = static bottom-hole pressure, psig 
Psy = flowing bottom-hole pressure, psig 
P.I. = Productivity Index in B/D of total produced 
liquid/ psi drop in bottom-hole pressure 
IPR = inflow performance relationship 
D = reference depth of well 
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ABSTRACT 


The effect on well behavior of partial permeability 
barriers, changes in producing rates and well spacings 
have been calculated through use of a radial, unsteady- 
State, two-phase-flow mathematical model. This model 
allows for variations in permeabilities and porosities 
with distance from the wellbore. The numerical methods 
necessary to solve the problem require use of a high- 
speed digital computer, in this case an IBM 704. 

In each instance, pressure and saturation gradients, 
gas-oil ratios and recoveries around a well producing by 
solution-gas drive have been calculated as a function 
of time and distance from the wellbore. Comparisons 
are made to show the effect of changes in producing 
rate and of varying permeability near the wellbore and 
out in the formation on the production and pressure 
history of the well. The effect of different well spacings 
on producing rate and ultimate recovery is considered. 
Although the mathematical description of the reservoir 
is simplified in comparison to an actual reservoir, the 
results do give some insight into the difficult problem 
of spacing and proration in a heterogeneous solution- 
gas-drive reservoir. Results show that for the cases con- 
sidered spacing has little effect on ultimate recovery and 
that permeability barriers removed from the well de- 
crease producing rate for a period of time but have 
only a small effect on ultimate production. 


INTRODUCTION 


The effect of spacing and producing rate on the 
production characteristics and ultimate recovery of a 
well producing by the solution-gas-drive mechanism 
have been topics of interest to the oil industry for 
many years and the subject of many hearings before 
state regulatory bodies. The problem is very complicated 
because of the difficulty of simulating in the laboratory 
a reservoir producing by the solution-gas-drive mech- 
anism under anything like normal field conditions. This 
paper gives the initial results of a study aimed at de- 
termining the effect of these factors on production from 
reservoirs simulated by a mathematical model. Two- 
phase, unsteady-state equations are used to calculate 
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pressures, saturations, and rates of oil and gas flow 
as a function of time and distance from the wellbore. 
The model is radial, and reservoir properties may be 
varied with distance from the wellbore. A decrease in 
permeability at a given distance results in a low-perme- 
ability ring concentric with the wellbore through which 
all the fluids from more distant portions of the reservoir 
must flow. 

The current mathematical model allows for variation 
of permeability, porosity and saturations as a function 
of distance from the well. Any desired drainage radius 
for the well may be selected. Drainage radii of 745 
and 1,053 ft, which correspond to 40- and 80-acre 
spacing, were chosen for the calculations which follow. 
A large amount of the input data has been held con- 
stant. No investigation was made into the effect of 
changes in fluid properties and relative permeability 
characteristics on oil and gas production behavior, Fluid 
properties and relative permeabilities are essentially 
those of the White Mesa portion of the Greater Aneth 
area in southeastern Utah. A recently concluded hearing 
before the Utah Oil and Gas Conservation Commission 
to determine spacing for the field aroused interest in 
the possible effect of permeability constrictions located 
some distance from the well on production and recovery. 
This interest stimulated the present study. 

In this paper, no attempt has been made to simulate 
any field production characteristics exactly. Only the 
solution-gas-drive mechanism has been investigated, and 
production by liquid expansion has not been considered. 
This investigation is exploratory in nature but does give 
some insight into the problems of spacing and proration 
in a solution-gas-drive field having permeability varia- 
tions. 


THE MATHEMATICAL MODEL 


The mathematical model is similar to that proposed 
by West, Garvin and Sheldon.* Approximately the same 
techniques have been used in arriving at a solution. The 
equations are nonlinear, partial differential equations 
which have been known for some time. The particular 
equations used for this study neglect the effects of 
capillary pressure and gravitational forces. The advent 
of modern digital computing equipment has made their 
solution practical. Basically, the method solves for pres- 
sure, saturations, and oil and gas flow rates as a func- 
tion of distance and time. In our model, distance to the 


1West, W. J., Garvin, W. W. and Sheldon, J. W.: ‘Solution of 
the Equations of Unsteady-State, Two-Phase Flow in Oil Reser- 
voirs”’, Trans., AIME (1954) 201, 217. 
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drainage radius is divided into not more than 50 cells 
which vary logarithmically in size, the smallest at the 
wellbore and the largest at the drainage radius. This 
allows the model to simulate radial flow. Either an oil 
flow rate or pressure boundary condition may be pre- 
scribed at the wellbore. Saturations, pressures and flow 
rates are calculated for each cell as a function of time 
according to the fluid characteristics, permeability and 
relative permeability characteristics prescribed. The pro- 
cess continues until the producing rate declines to some 
preselected economic limit. 


RESERVOIR PROPERTIES 


The reservoir simulated was a tight dolomitic lime- 
stone with wide and rapid variation in porosity, perme- 
ability and lithology, both horizontally and vertically. 
There is considerable evidence of natural fracturing in 
the area, and the average effective permeability from 
production characteristics appears to be higher than 
the average value taken from core analysis. The aver- 
age water saturation based on oil-cut core data is 20 per 
cent of pore space. Initially, the reservoir pressure was 
2,200 psi. Fluid analysis placed the bubble-point pres- 
sure at 1,640 psi. Wells for the most part are com- 
pleted through the formation, perforated and given 
rather extensive acid jobs. Initial potentials after acidiza- 
tion frequently were over 1,000 B/D. Fluid properties 
used throughout the calculations are given in Figs. 1 and 
2. Calculations were performed only from the bubble- 
point pressure to depletion conditions and do not con- 
sider production by liquid expansion from 2,200 psi 
to the bubble point. At bubble-point conditions, the oil 
had a solution gas-oil ratio of 690 scf/bbl and a viscos- 
ity of 0.748 cp. 

The relative permeability curve resulting from averag- 
ing the results of measurements on numerous core 
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samples is given in Fig. 3. Measurements were made 
by the “Penn State” or steady-state type of equipment. 
The curve shown in Fig. 3 was used in all calculations 
reported. 

A basic value of 9-md air permeability was used for 
the formation. The effect of acidization around the 
wellbore was taken into account by increased values of 
permeability. The values of permeability around the 
well shown in Table 1 were used in all cases. An eco- 
nomic limit of 8 BOPD/well was used in all runs. 
The effect of constrictions around, but away from, the 
well was investigated by decreasing the permeability in 
one or more cells. For convenience, run numbers will 
be used in discussing the results. Table 1 gives data 
held constant in all runs. The cases or runs were de- 
signed to investigate the influence of five factors, and 
combinations thereof, on reservoir behavior and re- 
covery: (1) the effect of a single permeability con- 
striction; (2) the effect of two permeability constric- 
tions; (3) the effect of drilling into a localized tight 
area; (4) the effect of reduced producing rate; and 
(5) the effect of spacing. 

The effect of producing rate was studied by setting 
initial maximum-flow-rate boundary conditions of 100 
and 200 BOPD so long as the well was capable of 
making its allowable, after which it declined at a sand- 
face-pressure boundary condition of 100 psi. The effect 
of spacing was investigated for two cases—radii of 
drainage corresponding to 40- and 80-acre spacing. 
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TABLE 1—CONSTANT RESERVOIR PROPERTIES 
Formation Thickness = 42.9 ft 


2. Original Oil Saturation = 80 per cent pore volume 

3. Water Saturation = 20 per cent pore volume 

4. Porosity = 11.26 per cent 

5. Initial Oil in Place = 886,000 bbl for 40-acre spacing or 1,772,000 

bbl for 80-acre spacing 

6. Original Reservoir Pressure = 1,639 psi 

7. Minimum Sand-Face Pressure = 100 psi 

8. Well Radius = 0.3 ft 

9. Acidization Effect Around the Wellbore: 

Radius (ft) Permeability (md) 

13 30 
1.8 28 
21 
2.5 
2:9 
315 22 
18 
4.1 16 
4.8 14 
12 
6.6 10 
7.8 


(Remainder 9 md Unless Specified) 


10. Fluid Properties: Figs. 1 ard 2 
11. Relative Permeability Characteristics: Fig. 3 


RESULTS 


THE EFFECT OF A SINGLE 
PERMEABILITY CONSTRICTION 


This effect was investigated in Runs 1, 2 and 3. All 
of these runs were made for 80-acre spacing at an 
initial flow rate of 200 BOPD. Run 1 had a uniform 
permeability of 9 md beyond the acidization zone around 
the wellbore. Run 2 contained a 1.5-md constriction 
from 395 to 548 ft, and in Run 3 the permeability 
of the constriction was decreased to 0.9 md. Results 
are given in Figs. 4 through 6. 

Run 1 (Fig. 4) is the reference case for 80-acre 
spacing. Both the decline and gas-oil ratio curves are 
normal for a solution-gas-drive type of reservoir. The 
well is capable of making the allowed 200 BOPD for 
approximately 23 months. It should be noted that the 
GOR is always above the solution value of 690 scf/bbl. 
This is due to creation of a considerable free-gas satura- 
tion near the wellbore before the average reservoir oil 
saturation is noticeably decreased from its initial value. 
The maximum gas-oil ratio is around 6,400 scf/bbl. 
The well reaches an economic limit of 8 BOPD after 
12.3 years and a cumulative production of 304,600 bbl, 
or 17.1 per cent of the initial oil in place. 

In Run 2 (Fig. 5), the well starts to decline after 
producing at 200 BOPD for about 7.5 months. The 
producing rate declines to a minimum value of about 
165 BOPD at 11 months. During this period, the 
majority of the production has come from inside the 


1000 
700 
R 
500 
300 
© 100 10,000 
7000 
WW 50 5000 S 
= 30 3000 © 
10008 
lop 
a 7 700 = 
500 © 
3 300 


| 100 
[e) 2 4 6 8 125 i618" 22-—-24 
TIME, YEARS 


Fic. 5—Propuctrion Rate Decitine anp Gas-O1~ RaTio FoR 

Run 2. Spacinc = 80 Acres; PERMEABILITIES FROM TABLE 1, 

Except 1.5 mp From 395 ro 548 rr; Maximum Fiow Rate = 
200 BOPD. 


MAY, 1961 


permeability constriction. The producing rate then in- 
creases continuously and reaches a maximum which is 
nearly equal to the original 200 BOPD after 17 months 
of production. From this point, the decline curve ap- 
pears normal for a solution-gas-drive reservoir. The gas 
flow rate also fluctuates during the period in which the 
producing rate is varying, although it does not reach 
its maximum and minimum at the same time as the 
oil rate. The gas-oil ratio reaches a maximum after 
9.5 months of production and declines to a minimum 
value of 1,020 scf/bbl at about 17 months, For this 
time on, behavior is more or less normal. The maximum 
gas-oil ratio is somewhat less than in the corresponding 
case without a permeability constriction. The economic 
limit is reached after 12.8 years, which is one-half year 
longer than the similar case without a partial barrier. 
Cumulative production at economic limit is 300,500 
bbl, or approximately 98.6 per cent as much oil as 
without a partial barrier. 


In Run 3 (Fig. 6), the same data were used as 
Run 2 except the permeability of the constriction was 
decreased to 0.9 md. The result is to magnify the 
effects which were obtained from Run 2. The well starts 
to decline after maintaining allowable about 6.5 months, 
or one month less than Run 2, The maximum and 
minimum in the production rate and gas-oil ratio are 
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more pronounced than those which occurred in Run 2, 
and they take place at about a 15 per cent later time. 
The cumulative oil production at the economic limit, 
which is reached after 13.3 years, is 299,800 bbl or 
98.4 per cent as much oil as the case without a barrier. 


THE EFFECT OF TWO 
PERMEABILITY CONSTRICTIONS 


The effect of having two tight permeability zones 
around the well was investigated in Run 4 (Fig. 7). 
Restrictions of 0.9 md were located 175 to 285 ft and 
395 to 548 ft from the wellbore. Initially, production 
comes from inside the first restriction, and the well goes 
on decline after about 0.2 years, The gas-oil ratio peaks 
before production rate reaches the first minimum. The 
second peaks in both gas-oil ratio and producing rates 
are broader due to the double restriction through which 
fluids must flow. The economic limit occurs in 16.2 
years after a cumulative production of 287,000 bbl. 
This is 94.2 per cent as much oil as produced by the 
base case without any permeability restriction. 


THE EFFECT OF DRILLING 
INTO A LOCALIZED TIGHT AREA 


A permeability restriction of 0.9 md was placed 
around the wellbore in Run 5 from 7.8 to 548 ft, The 
remaining formation to 1,053 ft was at 9 md. The spac- 
ing was 80 acres and the maximum rate was 200 BOPD. 
Fig. 8 shows the rapid decline in production rate and 
the brief but sharp increase in gas-oil ratio. After the 
first two months, both rate and GOR remain fairly 
constant for a long period of time. After about 16 
years, the gas-oil ratio starts to increase again and the 
rate starts to fall off more rapidly. Although not shown 
in the figure, the economic limit is reached in 27.5 years 
after a cumulative production of 249,000 bbl. This is 
81.7 per cent as much oil as produced by the 80-acre 
case with uniform permeability of 9 md. 


THE EFFECT OF REDUCED PRODUCING, RATES 

The effect of reduced producing rates may be seen 
by comparing Run 1 (Fig. 4) with Run 6 (Fig. 9) and 
Run 3 (Fig. 6) with Run 7 (Fig. 10). Run 6 is 
identical to Run 1 except that the production rate is 
held to a maximum of 100 BOPD. The well is capable 
of making its allowable for 5.8 years and reaches its 
economic limit of 8 B/D after 14.5 years, only 2.2 
years longer than it took the 200-BOPD well. At this 
time, it has produced 304,300 bbl of oil as compared 
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with the 304,600 bbl of oil produced by the 200-BOPD 
well in Run 1. From these two cases, cutting the allow- 
able rate in half increases the length of time necessary 
to reach an economic limit, but it does not increase re- 
covery. 

Runs 3 (Fig. 6) and 7 (Fig. 10) both have a single 
0.9-md restriction from 395 to 548 ft, and they are 
are similar except that the maximum rate is 200 BOPD 
in Run 3 and 100 BOPD in Run 7. This extends the 
economic limit from 14.3 to 16.5 years. Cumulative 
production for the 100-BOPD case is 300,300 bbl. The 
200-BOPD case produced 299,800 bbl, or 500 bbl less 
than the 100-BOPD well. The maximums in gas-oil 
ratios in both cases are about the same, but the magni- 
tude of the hump in GOR is decreased in the 100- 
BOPD case. The lower allowed production rate has sup- 
pressed the peak in the decline curve. 


THE EFFECT OF SPACING 

The effect of spacing on recovery may be seen by 
comparing Run 8 (Fig. 11) with Run 1 (Fig. 4) and 
Run 3 (Fig. 6) with Run 9 (Fig. 12). Run 8 is the 
40-acre base case for a reservoir having a uniform 
permeability of 9 md beyond the zone affected by 
acidization. Maximum producing rate is 200 BOPD, and 
the well is capable of making this allowable for one 
year, after which the production rate declines more-or- 
less hyperbolically. The cumulative stock-tank oil pro- 
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duction at an 8-BOPD economic limit is 152,700 bbl 
after 6.0 years. Run 1 has already been discussed. It is 
the reference case for 80-acre spacing, and its character- 
istics are very similar to Run 8 except that the time 
scale is approximately doubled. It is interesting to note 
that the maximum gas-oil ratios in both cases are almost 
exactly the same. Here the well takes 12.3 years to 
reach an economic limit, or 2.05 times longer than 
the 40-acre case, Cumulative oil production at the eco- 
nomic limit is 304,600 bbl. At the same economic limit 
of 8 BOPD/well, the calculations indicate that one 80- 
acre well will produce 99.7 per cent as much oil as two 
40-acre wells but will take 2.05 times longer to do it. 


Run 3 (Fig. 6) with 80-acre spacing and Run 9 
(Fig. 12) with 40-acre spacing each have an 0.9-md 
constriction from 395 to 548 ft from the wellbore and 
a maximum producing rate of 200 BOPD. Run 3 
reached an economic limit in 13.3 years after a cumula- 
tive production of 299,800 bbl. The 40-acre well in 
Run 9 reaches its economic limit in 7.0 years after a 
cumulative production of 150,100 bbl. In the case of 
a single permeability restriction, one 80-acre well pro- 
duces about 99.8 per cent as much oil as two 40-acre 
wells and requires 2.04 times longer to do it. It is 
interesting to note that presence of a barrier has no 
effect on comparisons between 40- and 80-acre spacing 
at the economic limit. 
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DISCUSSION 


Some of the results from the various runs were un- 
expected and rather surprising. Of particular interest 
were the reversals in rate of decline and gas-oil ratio 
occasioned by presence of a permeability constriction 
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surrounding the wellbore. Another interesting result was 
that a zone more than 100-ft wide having 10 per cent 
of the permeability of the remaining rock has little effect 
on cumulative recovery at economic limit. 

The key to this behavior lies in changes in saturations 
and pressures with time throughout the reservoir. Fig. 
13 shows the oil saturation and pressure profiles at three 
different times for Run 1, the case that had no perme- 
ability constriction, The results are more or less as 
would be expected. The curves closer than 7.8 ft from 
the wellbore are influenced by the acidization effect. 

Fig. 14 portrays similar plots at four different times 
for Run 3, the case with the 0.9-md restriction. Inspec- 
tion of the pressure curves shows a normal behavior at 
0.6 year, which corresponds to the well going off the 
200-BOPD allowable. The minimum in production rate 
occurs at 1.1 years. As oil flowing through the con- 
Striction starts to increase the production rate to a 
maximum at 1.9 years, the pressure between the well 
and the constriction remains essentially constant. After 
this, the pressure declines continuously. Approximate 
abandonment conditions are shown by the 14.7-year 
curve. A look at the oil saturations shows little drain- 
age beyond the constriction at 0.6 year. At 1.1 years, 
saturations throughout the reservoir have decreased, and 
the region beyond the constriction is starting to drain. 
At 2.1 years, saturations inside the constriction are 
slightly higher than outside, This is a transient situa- 
tion which smooths out to a normal decrease in oil 
saturation nearer the wellbore. Again, approximate 
abandonment conditions are shown by the 14.7-year 
curve. 

Examination of the data shows that the following 
chain of events occurs due to the presence of a perme- 
ability constriction. Initially, most of the production 
comes from inside the constriction. Here pressures fall 
normally. This produces an increasing pressure differ- 
ence across the zone of decreased permeability which 
increases the oil throughput. Oil flowing through the 
constriction moves toward the well, resaturating the 
formation as it goes. This resaturation of the reservoir 
with oil causes the permeability of the formation to oil 
to be increased, which results in less pressure drop per 
unit of oil flow. This produces a decrease in GOR be- 
fore the oil bank reaches the wellbore. Arrival at the 
well causes a rapid increase in production rate, There- 
after, rate of production decline depends on the distance 
and magnitude of the constriction. For moderate restric- 
tions, reversals in rate are produced by saturation in- 
creases between the well and the partial barrier. 

It is felt that results of this study should be indica- 
tive of the behavior of solution gas-drive fields as far 


as the effects of spacing and proration on oil recovery 
at economic limit are concerned. Analyzing the possible 
effect of a multitude of permeability variations on pro- 
duction rate decline and GOR curves is more difficult. 
The result could be a large number of small fluctuations 
in decline and GOR which when combined in the well- 
bore might result in smooth curves similar to runs with- 
out variation. However, it is quite possible that some of 
the vagaries in actual decline curves are due to inhomo- 
geneities out in the formation rather than changes at or 
in the wellbore. 

On the basis of this work, it appears that permeability 
variation may tend to hold down gas-oil ratios. They 
may produce decline curves that seem to show evidence 
of reservoir energy sources other than the solution-gas- 
drive mechanism, Drilling into a tight area in Run 5 
resulted in flat curves, portions of which appear to be 
the result of gravity drainage. The work reported here 
is exploratory in nature, and many more possibilities 
must be considered before direct application can be 
made to field conditions. 


CONCLUSIONS 


A mathematical model study of a solution-gas-drive 
reservoir has been made neglecting capillary forces and 
gravity. As a result, the following conclusions can be 
drawn for the cases considered. 

1. Substantial permeability constriction, located at 
some distance from the well and about 100-ft thick, 
only slightly decreases the recovery at economic limit. 


2. Development on 80-acre spacing produces sub- 
stantially as much total oil recovery at economic limit 
as 40-acre development, but requires twice the time 
within the limited conditions which were studied. 

3. Curtailment of production from 200 to 100 BOPD 
does not significantly alter recovery at economic limit, 
but increases time required to obtain this recovery. 

4. Zones of decreased permeability at some distance 
from the wellbore can produce short-term increases in 
production rate and decreases in gas-oil ratio. 

5. A restriction near the wellbore may produce de- 
cline and GOR curves that appear to show evidence of 
production mechanisms other than solution-gas drive. 
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ABSTRACT 


This paper shows how the cost of the drilling opera- 
tion per 100-ft drilled can be related directly to bit 
weight, rotary speed and hydraulic horsepower varia- 
tions. This enables optimum drilling conditions to be 
determined in a rapid and concise manner. 

The paper also shows how data for such calculations 
can be obtained quickly and accurately by the “drill- 
off’ method suggested by Lubinski. 

Examples are given to illustrate the principles and 
methods used. 


INTRODUCTION 


The problem of drilling oil wells at lowest cost and 
hazard needs little introduction, since it has been with 
us virtually from the earliest days of our industry. 

With better understanding of the effect of the vari- 
ous factors of bit weight, rotary speed and hydraulic 
jet action, however, the problem has recently taken 
on a more scientific aspect, and engineers or groups of 
engineers have been assigned to study many of the 
facets of this problem not immediately apparent to the 
general observer. 

Moreover, the availability of better equipment and 
materials has enabled certain practices to be adopted 
which were hitherto impractical or uneconomic. This 
has paved the way for further efforts to reduce footage 
costs, and so on. 

The improvements to be made in drilling technology 
and cost reduction are by no means exhausted, and we 
still frequently hear of new records being set and new 
materials and equipment becoming available. 

Some of the analytical methods used by the author 
to assist in promoting faster and more economic meth- 
ods of drilling, particularly in Venezuela, form the 
basis for this descriptive study. 


STATEMENT OF THEORY AND DEFINITIONS 


In a highly competitive industry, it is no longer per- 
missible to regard penetration rate as the sole criterion 
for drilling efficiency. Every new technique, however 
spectacular, must nowadays be viewed in the cold light 
of whether it will eventually lead to lower cost per foot 


drilled. 
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In the exposition which follows, therefore, actual 
drilling rates will play only a secondary role, and 
attention will be focused on the more important aspect 
of cost per foot drilled. Changes in drilling factors 
such as weight and rotary speed will be studied in the 
light of how they directly affect the cost of operations. 

The advantage of this method is twofold—(1) cost 
increments are indicated directly; and (2) the relation- 
ships are, surprisingly enough, simpler than those re- 
lating to drilling rates. 

To achieve these advantages, it is necessary to intro- 
duce a new unit of measurement which, although un- 
familiar, is readily understood. 

The unit in question will be referred to as the 
“actual drilling cost factor” and will be designated by 
the symbol h. The unit is defined as the number of 
rotating hours taken to penetrate 100 ft of formation. 
The unit can be obtained immediately from the actual 
drilling rate (r) in feet per hour; thus, 


The new unit may also be converted rapidly into 
“on-bottom” drilling cost per foot (C) by multiplying 
by the rig-time cost (Cr) in ( hundreds of) dollars per 
hour. Thus, 

This latter transformation is so easily effected that 
it may be convenient to use A as an international symbol 
for drilling cost, and to delay conversion to dollars, 
bolivars, pounds, etc, per foot until actually required 
(e.g., for fiscal reasons, etc.). 


In actual operations, h was found to vary in a rela- 
tively simple manner with increases in bit weight. 


The variation in h with rotary speed was found to 
be somewhat more complex. However, this also could 
be enormously simplified by introducing a further factor 
known as L or relative bit life. The factor L is also 
defined very simply by dividing 1,000 by the rotary 
speed (N) in revolutions per minute. 

Thus, 


L 


h= 


1,000 

3 
N (3) 

The factor L is thus the number of hours taken to 
rotate the bit 60,000 times. 

The actual bit life (t,) in hours can be obtained 
from the relative bit life (L) by the following simple 
equation. 
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In this case, k is a dimensionless factor, depending 
on the bit weight, formation, drilling fluid, etc. 

It will be noted that h is expressed in hours per 
100-ft drilled, and L is expressed in hours per 60,000: 
revolutions of the bit. Both units are obtained immed- 
iately by taking the reciprocal of the more familiar 
units of penetration rate and rotary rpm. The new units 
are, however, far more significant and simplify cost 
calculations considerably. 

It will be noted that h refers to the number of hours 
actual drilling “on-bottom” required to drill 100-ft of 
formation. Needless to say, the cost of the bits and 
round-trips required also play a significant part in drill- 
ing economics. 

Therefore, we shall introduce the following additional 
terms. 


t, = time (in hours) taken to make a round- 


trip, 

b = equivalent cost of the bit in hours of rig- 
time, 

f = footage made by the bit in hundreds of feet, 
and 


H = over-all cost of drilling in hours per 100 ft. 
We may also state the following equivalence. 


t 
h=—. 5 
j (5) 
The general equation then becomes 
H = . . . (6) 


f 


Or, expressed in more convenient form 
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(7) 


The engineer’s problem, therefore, is largely one of 
minimizing H by manipulating drilling factors such as 
weight, rotary speed and bit hydraulics in such a way 
that h is kept as low as possible, within reasonable limits 
for the second term within the square brackets in Eq. 7. 


RIG TECHNIQUES 


The technique used for obtaining instantaneous drill- 
ing rates under various conditions is that proposed by 
Lubinski in 1958.‘ This method is often referred to as 
the “drill-off” method and utilizes the elastic properties 
of steel to determine the drilling rate from observed rate 
of change of drilling weight with the brake chained 
down. 

Lubinski’s formula is as follows. 


1 
(8) 


=) 


r = the rate of penetration, feet per hour, 
= the rate with which the weight on the bit is 

decreasing, pounds per hour, 

E = the Young’s modulus of steel; E = 30 X 10° 
psi, 

A = the cross-sectional area of drill-pipe wall, 
square inches, and 

L’ = the length of drill pipe, feet. 


1References given at end of paper. 
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This formula is easily modified as follows. From 
Eq. 1, 


100 A 

. . . . . (9) 

if t, is the time in seconds taken to drill off 5,000 Ib: 
5,000 * 3,600 

Ry = (10) 
Combining Eqs. 9 and 10, 


The quantity inside the bracket is rapidly and easily 
computed for the depth at which the measurements are 
taken, so that the value fh is a direct multiple of the 
stop-watch reading. In the case of worn drill pipe, it 
may be desirable to use a correction factor to obtain 
the absolute true values. This factor can be computed 
by making a direct reading of the penetration rate and 
comparing it with that obtained from the drill-off 
formula. Thereafter, the drill-off method is preferable to 
direct readings because it enables a large volume of 
data to be obtained over a very short depth interval. 

Replications are made by this method as far as is 
necessary to obtain consistent data, especially if the 
formation lacks homogeneity. 

In sandy shales encountered in Venezuela, the drill- 
off method was found highly practical, even at rates as 
high as 120 ft/hour, and was the method used almost 
exclusively for the latest tests. For the higher penetration 
rates, a stop watch with 10-second sweep proved to be 
a valuable asset, although by no means essential. 
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TABLE 1—DATA OBTAINED FROM DRILL-OFF RUN. 


Bit Weight (1,000 Ib) te h 
70-65 26 2.35 
65-60 26 2.35 
60-55 25 2.26 
55-50 28 2.53 
50-45 31 2.80 
45-40 34 3.07 
40-35 36 3.25 
35-30 52 4.70 
30-25 70 6.33 


PRESENTATION OF RESULTS AND DATA 


EFFECT OF WEIGHT-ON-BIT 

Fig. 1 shows the results of a drill-off run using the 
method described in the preceding paragraph. Conditions 
for this run were as follows: hole size, 9% in.; depth, 
10,360 ft; drill collars, 630 ft; drill pipe, 9,730 ft; table 
speed, 130 to 135; bit hp (hydraulic), 434; formation, 
sandy shale; and drill-pipe size, 5-in. XH. 

Data obtained are listed in Table 1. 


Figures in the right-hand column are computed from 
Eq. 11, using A = 5.275 (sq in.) and L’ = 9,730 (ft). 
Inspection of Fig. 1 reveals three phases of response 
to drilling weight: Phase 1 (up to 36,500 lb); Phase 2 
(36,500 to 57,500 lb); and Phase 3 (above 57,500 Ib). 


Replication revealed that the phases do not represent 
changes in formation but actual phenomena associated 
with ranges of weight-on-bit. Similar patterns were ob- 
served on the other runs made, although the limits 
occurred at different weights when drilling a different- 
type formation, or when the hydraulic conditions were 
changed. 
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Similar results were obtained during turbodrill runs. shows the results of drill-off tests using a 74% in. OD 


However, in this case the rotary speed was not kept turbine coupled to an 8% in. insert-type bit for drilling 
constant but depended on weight and other factors granite. The lower figure is for the upper crust of the 
controlled by the design of the turbine used. Fig. 2 granite section, which was considerably fractured. 
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The drill-off method also allows accurate comparisons 
of response to drilling in the same formation at varying 
rotary speeds. Here again, replications may have to be 
made to ensure that the readings are representative, and 
the speed changed only after consistent results are ob- 
tained from several replications. 


EFFECT OF ROTARY SPEED 

Fig. 3 shows the results of drilling sandy shale at 
about 10,000 ft, with various rotary speeds but with 
constant weight of 30,000 lb on a 12%4-in. bit. The drill- 
ing cost h in hours per 100 ft is represented by a smooth 
curve decreasing at first rapidly and then slowly with 
increasing rpm. 

If, however, the scale of rpm (N) is replaced by a 
scale of L = 1,000/N as obtained by Eq. 3, the picture 
is considerably simplified. Fig. 4 illustrates this point. 
It will be noted that the results follow a straight-line 
relationship almost exactly. 


An examination of published results shows that this 
is by no means an exceptional result. In fact, most of 
the data*® studied by the author showed similar linearity 
of plot when examined using these ordinates. Fig. 5 
shows a number of sets of data taken from the literature 
on this subject, which now show markedly linear rela- 
tionship between these simple functions. 

It is interesting to note that this straight-line relation- 
ship extends to higher speed ranges, as shown in Fig. 6, 
which shows results of drilling granite in the laboratory 
at high speeds, as indicated in published literature.’ 

Occasionally, the straight-line relationship may show 
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an abrupt change of slope as indicated in Fig, 7 which 
was prepared from our own data from Lake Maracaibo 
drilling. The change takes place at approximately 130 
rpm and perhaps may indicate the point at which 
vacuum starts to occur beneath the formation chip.* 


EFFECT OF HYDRAULIC HORSEPOWER 
The effect of bit hydraulic horsepower on the drilling 
cost factor h also is relatively simple. 


Fig. 8 shows the relationship for shale according to 
information given in the literature,’ from which it will 
be noted that the cost factor is reduced by a fixed 
amount per unit of hydraulic horsepower, irrespective 
of weight. In the region of Point A, however, the bit 
is balled up and erratic values are indicated. 


For Lake Maracaibo conditions, there was some indi- 
cation that, for very high values of bit hydraulic horse- 
power, the penetration rate actually decreased; the cost 
factor, therefore, actually increased with hydraulic 
horsepower above a certain value. Fig. 9 illustrates this 
point. The data are taken from a field test in Lake 
Maracaibo concessions. Drilling is in Eocene sandy shale 
at approximately 6,000 ft, using 95-in. diameter bit 
rotating at 85 to 120 rpm, with 40,000-lb weight-on-bit. 


The explanation of this effect is probably that the 
higher horsepower creates excessive turbulence, which 
may tend to return some of the chips to a position below 
the teeth where they are re-ground. 


EFFECT OF DEPTH 
Both penetration rate and drilling cost factor were 
found to vary approximately logarithmically with depth. 


T T T T 


LIFE OF ROCK BIT—HOURS 
T 


2 4 € 


SAND CONTENT OF MUD - PERCENT 


(95% inch Bit. 45,000 Ibs load) 


Fic. 12—Bit Lire vs SaAnp Content. 


480 


In some of the early tests in Venezuela, the drill-off 
method was not yet in use so that results covered a 
much wider interval of depth. In such cases a correction 
factor may be used, based on a logarithmic relationship 
such as shown in Fig. 10, so that all data could be 
related to a reference depth of, say, 6,000 ft. The slope 
of the line represents the percentage increment of cost 
per foot (over unit depth interval). 


INFLUENCE OF BEARING AND TOOTH WEAR 


As indicated in Eq. 7, the over-all cost factor H is 
made up of two parts, the second part being the actual 
drilling cost factor A times a term depending mainly 
on round-rip time and bit life. 


Eqs. 3 and 4 show that the bit life in turn depends 
on: (1) the rotary speed used; and (2) the dimension- 
less factor k, which varies with bit weight, formation 
characteristics, drilling fluid, and so on. 


To establish the value of & for various bit weights, an 
empirical log-log plot is necessary, based on bit life 
over a large number of bits and using Eqs. 3 and 4 for 
computation. The values of k for 9¥8 and 12%-in. bits, 
for drilling sandy shale in Lake Maracaibo southern 
block at 10,000 ft, are shown in Fig. 11. It should be 
noted that this formation is not abrasive and that bits 
usually are pulled on account of bearing wear in this 
instance. 


The method of estimation of bit life is similar to that 
suggested by Graham and Muench in a recent publica- 
tion.” The value for the exponent s from this paper 
corresponding to the data shown in Fig. 11 would be 
1.46, which is close to the value 1.5 suggested by these 
authors as an initial estimate. 


The bit life in Lake Maracaibo drilling was also 
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found to vary appreciably with sand content of the 
mud, as shown in Fig. 12. 


INFLUENCE OF ROUND-TRIP TIME 


The round-trip time is also a component of Eq. 7. 
This in turn depends on depth, size of drill pipe, size 
and length of drill collars (depending also on bit 
weight), and design and capacity of the rig. Crew 
experience is also a relevant factor, together with the 
manipulative skill of the driller. 


Round-trip time may also have to include time work- 
ing on the pumps, so that it is important to use only 
the best grade of materials for pump parts. 


EXAMPLE OF DRILLING-DATA 
INTERPRETATION 


To illustrate how optimum drilling conditions may 
be established by the methods shown in the preceding 
paragraphs, an example will be taken from actual field 
measurement. 


The results of the drill-off runs are shown in Fig. 13. 
In this case bit hydraulic horsepower was around 500, 
which was near-optimum for the 12!4-in. bit used. Sets 
of readings were taken at various bit weights as indi- 
cated. All sets showed near-straight-line correlation, 
except the 20,000-lb set which showed a characteristic 
droop. 


If desired, the effect of the factors on cost of bits 
plus round-trips (per 100 ft) can be indicated by 
calculating the right-hand term inside the bracket of Eq. 
7 and multiplying by A for a suitable set of points. This 
is shown in Fig. 14. 


The over-all drilling cost (7) per 100 ft is given by 
repeating the process using the entire Eq. 7. Results are 
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shown in Fig. 15. The inverse plot, using L rather than 
N as abscissa (Fig. 15), is preferred, especially where 
extrapolation is desired for rotary speeds outside the 
range actually tested (e.g., for turbodrill estimates). 
However, the same data can of course be plotted using 
a straight scale for rpm as abscissa (Fig. 16). 


Lowest cost for convenient rotary operation is indi- 
cated as 5.1 hours/100 ft drilled, occurring at 72,500 
lb and 150 rpm. Higher rotary speeds were impractical 
at this weight-on-bit. 

Conversion to monetary value may be made imme- 
diately by using the equivalent of Eq. 2; e.g., at $120/ 
hour, the minimum cost would be $1.20 X 5.1 equals 
$6.12/ft. 


CONCLUSIONS 


1. By relating weight, rotary speed and hydraulic 
horsepower to cost in hours per 100 ft, definite ad- 
vantages are gained in clarity and simplicity of results. 

2. Lubinski’s “drill-off’ method proved entirely prac- 
tical for collecting a large volume of data over a very 
short depth interval. This method may also be used for 
turbodrill runs. 

3. Straight-line relationships were found between cost 
in hours per 100 ft drilled and weight-on-bit, over wide 
ranges of bit weight. 

4. Straight-line relationships were found between cost 
in hours per 100-ft drilled and hours per 60,000 revolu- 
tions (inverse of rpm). 

5. Straight-line relationships were found between cost 
in hours per 100-ft drilled and bit hydraulic horsepower. 

6. By adding the cost of bits and round-trips per 100- 
ft drilled, the over-all cost in hours per 100-ft drilled 
can be easily related to bit weight and rotary speed. 
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ABSTRACT 


The process of sand erosion has been harnessed to 
perform a useful function—the directed perforating of 
oilfield tubular goods and formation rock. In this proc- 
ess the sand is carried by a liquid medium and the re- 
sulting slurry is forced through a nozzle at an extremely 
high velocity. Upon impingement against casing or for- 
mation, the fast-moving sand particles erode a perfora- 
tion in the casing followed by cavity formation in the 
medium behind the casing. The many factors influenc- 
ing the rate and extent of this penetration are inherently 
difficult to establish experimentally, Equations describing 
submerged jet behavior have been applied to these con- 
ditions. The following paper develops the equations for 
predicting the performance of the perforating jet. 


INTRODUCTION 


The cutting power of high-velocity sand has been well 
known in the petroleum industry for many years. Sand 
carried by a high-velocity gas stream causes severe 
erosion. This effect has been the cause of numerous 
production problems in certain areas. 


It was logical to expect that this phenomenon would 
one day be adapted to useful industrial applications. 
Development of mobile, high-pressure, high-horsepower 
pumping equipment in the last decade has made this 
possible. 


The sand erosion process involves pumping a fluid 
containing abrasive solids through a set of nozzles at a 
high differential pressure (2,000 to 4,000 psi). The 
pressure conversion into kinétic energy imparts high 
velocity to the sand particles which, upon impact with 
the formation face or casing wall, erode the material 
in an organized pattern. 


This paper attempts to establish the effects of the 
various parameters and to predict the performance and 
limitations of the process. The following factors will be 
considered: nozzle differential pressure, perforation size, 
sand concentration, nozzle stand-off distance and back- 
pressure. In general, this discussion is presented along 
theoretical lines and is substantiated by field results and 
data where reliable field data exists. 


Original manuscript received in Society of Petroleum Engineers 
office Aug. 23, 1960. Revised manuscript received Nov. 17, 1960. 
Paper presented at 35th Annual Fall Meeting of SPE, Oct. 2-5, 
1960, in Denver. 

*Now with Air Force Systems Command, Altus AFB, Okla. 
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THEORY 


POWER EQUATIONS 

The penetration rate of a high-velocity hydraulic jet 
is proportional to the power or energy of the jet at the 
point in quesion. The power of the submerged jet will 
decrease with distance (or penetration) into the cavity 
created by the jet. As the cavity is extended into the 
formation, the power of the jet diminishes to a value 
equal to the threshold cutting power of the particular 
formation which is defiined as the lowest power level at 
which the formation will be abraded by the jet. Ob- 
viously, when this point is reached, no further cutting of 
the formation can occur. It is assumed that this power 
level for a particular formation is a function of the 
hardness of that formation. 


The following equation can be written for the hy- 
draulic process of formation abrasion. 


A diagram of the hydraulic jet, nozzle and forma- 
tion cavity are shown in Fig. 1 for open-hole as well 
as cased conditions. 


The power contained in the jet at a point L distance 
from the nozzle exit can be represented in the following 
manner. 


P,=% mV; ft-[b,/sec or hp. 
Because of diffusion of the jet with distance, the mass 
rate of flow m, is proportioned to the initial mass rate at 


zero distance from the nozzle, m,, and the ratio of the 
nozzle diameter to the distance L* 


D 

= 

The velocity of the jet at distance L is proportional 

to the initial velocity of the jet at the nozzle discharge 

V, and the ratio of the nozzle diameter to the distance 


— D 


Substituting Eqs. 3 and 4 into Eq. 2 and eliminating 
m, and V,, Eq. 2 becomes 
where C,, and C, are empirical constants. 

Substituting Eq. 5 into Eq. 1, the penetration rate ex- 


1References given at end of paper. 


483 


dL 


ANNULUS 


FORMATION CAVITY 
= \ 
SAND- LIQUID JET 
NOZZLE 


(A) 


ANNULUS 
FORMATION CAVITY 
Ay 
\\ 
Z 
NOZZLE Z : 
AL SAND-LIQUID JET 


PERFORATION CEMENT 
(B) 


fic. 1—Sanp Erosion Process For Open-Hote (A) AnD 
Casep (B) ConpiTIONS. 


pressed in energy terms becomes 
losses 

Eq. 6 indicates that the penetration rate into the for- 
mation is a function of distance L that the jet has al- 
ready penetrated, the threshold cutting power of the 
formation, P,,, the differential pressure across the 
nozzle (m, and V, are both functions of the nozzle dif- 
ferential pressure, and the power losses occuring within 
the cavity. 

Referring back to Eq. 5, the hydraulic power at a 
point L in the formation cavity can be expressed in 
terms of the nozzle differential pressure, Ap,, cavity 
length L, nozzle diameter D and fluid density p. 

By substitution of the following two expressions into 
Ed 

= pAV, (by continuity ) 
and 

=( 2g 144) 
Eq. 5 becomes 
BD* (Ap.)*” 

where B = 32C,,C, (2g). 

The hydraulic power equations developed in this 
section can be used for determining the maximum pos- 
sible penetration, as a function of nozzle Ap,, the pene- 
tration rate into the formation and the threshold power 
level of the particular formation, provided that at least 
two reliable tests points are available. In addition, if 
the hardness of this particular formation is known in 
relation to the hardnesses of other materials, then the 
same information can be predicted for these materials 
based upon the original data points. 

This procedure was followed, but to simplify compu- 
tation the equations were set up on a velocity basis. 


VELOCITY EQUATIONS 
The penetration rate dL/dt, of the high-velocity hy- 
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draulic jet is proportional to the velocity of the jet at 
the point in question V, (distance L out into the forma- 
tion) diminished by the threshold cutting velocity V;, 
of the particular formation, The threshold cutting ve- 
locity V,, is assumed to be a function of the abrasion 
hardness of the formation. The cutting rate and maxi- 
mum cutting depth are further diminished by the 
restricted return flow through the perforation (cased 
condition) and effects of back-pressure. This loss is 
expressed as AV,. 

The following equation in velocity terms can be 
written for the hydraulic process of formation abrasion. 

dt 
where K,’ is a constant of proportionality to be de- 
termined from experimental data. 

Experiments conducted by Forstall and Gaylord’ on 
submerged jets indicate that the center line velocity of 
a submerged jet will diminish with distance according 
to the relationship of Eq. 4. 


KV = Vig ft/sec 248) 


Substituting Eq. 4 into Eq. 8 and eliminating V,, 


dL C.V,D 
Solving for dt, 
seconds . (10) 


(C.DV, — Val — AV,L) 
where K, is reciprocal of K,’. 


Eq. 10 applies to cased conditions, that is, condi- 
tions where the “spent” fluid must re-enter the well- 
bore through a casing perforation. If the casing perfo- 
ration area is sufficiently large, then the velocity loss 
of the jet due to the restriction caused by the perfora- 
tion is reduced to a negligible amount, and conditions 
would approach that of open hole. See Fig. 6. 


Tests performed by the authors indicate that a pres- 
sure differential exists across the casing perforation. 
Apparently then, a portion of the velocity of the jet is 
transformed into pressure within the cavity due to the 
flow restriction offered by the perforation. The larger 
the entry hole into the wellbore, the smaller the pres- 
sure rise in the formation cavity and, consequently, the 
smaller the velocity loss of the impinging jet. For ex- 
ample, a hydraulic jet of .180 in. in diameter normally 
forms a casing perforation of approximately .42-in. in 
diameter. If the perforation area is increased by some 
means (such as slotting of the casing) to an area equiva- 
lent to a diameter of %4-in., then the velocity loss is 
reduced to about 44 per cent of the velocity reduction 
occurring with a diameter of .42-in. If the area of the 
casing perforation is increased to an equivalent diam- 
eter of 2.0-in., then the loss becomes essentially zero 
and it becomes equivalent to open-hole conditions. See 
Fig. 6. 


For open-hole conditions, Eq. 10 becomes 


K,LdL 
at = — 
(CMD 


Integration of Eq. 9 yields the following equation 
for open-hole conditions. 


( CDV. if 
t= K, In, 
Wars Wohl, Vien 


For this equation is 
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TABLE 1—TEST POINTS FOR GRANITE 


Point Point Point 
1 2 3 
Cutting Time (min) 95 3 18 
Penetration (in.) 10.5 2.4 4.5 
Nozzle Apo (psi) 3200 3200 2000 


TABLE 2—MAXIMUM PENETRATIONS CALCULATED FOR GRANITE AS A 
FUNCTION OF NOZZLE DIFFERENTIAL PRESSURE. 


Apo Nozzle Vth Lmax at t = © 
2000 
2500 
3000 41.5 17.9 
3500 41.5 19.4 
4000 41.5 20.7 
| ( CDV. ) 
C.DV, — (Vn + AV,)L 
IL 
= S| seconds 12A 
wl ( ) 


(The constant of integration is evaluated based on the 
boundary conditions L = 0 when t = 0.) 

It was necessary to determine the threshold cutting 
velocity V,, and the proportionality constant K,. Test 
data obtained on granite were used to obtain these 
constants, Granite data were selected because the test 
conditions were most consistent and reproducible. The 
granite hardness was more easily established in relation 
to other materials and shows less variation in hardness. 
The granite was fairly homogeneous and completely 
impermeable. A granite test block was prepared to 
simulate open-hole conditions. The granite test points 
obtained are shown in Table 1. 

Results for granite were K, = 4.7 X 10° and V,, = 
41.5 ft/sec, based on International Critical Table (ICT)’ 
scale of hardness equal to 19. 


Based on this information, Table 2 shows the maxi- 
mum penetrations calculated for granite as a function of 
nozzle differential pressure, Ap.. 


Eq. 12 was generalized for formations other than 
granite. This was done in the following manner. The 
property of hardness was assumed to be the chief cri- 
terion affecting the maximum penetration or penetra- 
tion rate. (It was recognized that permeability and 
porosity of the formation would affect dL/dt, but this 
effect is included in various constants.) Since hardness 
is defined as resistance to penetration, hardness will 
vary inversely with the maximum penetration obtain- 
able for a given power level and a given period of time. 
Expressed in equation form, H«1/L,,x. Also, the 
threshold cutting velocity is proportional to the recipro- 
cal of the maximum penetration by Eq. 4, Vin~1/Lmax- 
Therefore, V;, = cH. The threshold cutting velocity 
varies directly with hardness. 

Data from the ICT scale of abrasion hardness was 


used because a large number of different materials are 
available for comparison. A listing of some of these 


materials is given in Table 3. Using the relative hard- 
ness value of 19 for granite, the following equation is 
obtained. 


When Eq. 13 is substituted into Eq. 12, eliminating 
V,,, the following general equation is obtained for open- 
hole conditions. 


The proportionality constant K,, varies in the follow- 
ing manner for formations of different hardness. 


th granite 
The numerical values for the proportionality con- 
stants are as follows. 


H = 19, Keio = 4.700 X 10° 
H = 18, Kois = 4.215 X 10° 
H = 17, Keir = 3.756 X 105 
H = 14, Kos = 2.555 X 10° 
H = 11, Keosr = 1.572 X 10° 
H= 8, = 0.8357 X 105 
H= 6, Krye = 0.4680 x 10° 
1H = 3, Kos = 0.1171 X 105. 


To determine maximum penetration for open-hole 
conditions, the expression C,DV, — V,,L is set equal 
to zero in Eq. 12. 


Vin 
Table 3 lists the limiting maximum possible penetra- 
tion in inches as a function of nozzle differential pres- 
sure and formation hardness on the ICT scale. 


{ti 


Fig. 2 is a time-peneration plot with open-hole con- 
ditions for parameters of hardness and nozzle differen- 
tial pressures of 2,500 and 3,500 psi. 


EFFECT OF BACK-PRESSURE 
AND CASING PERFORATION SIZE 

For cased conditions, the perforation size (cross- 
sectional area) materially affect the performance ob- 
tained with the abrasion process. The larger the per- 
foration area (jet diameter constant), the greater the 
penetration rate and extent of penetration which ap- 
proach open-hole conditions as the maximum limit. 


For cased conditions, the general time-penetration 
equation is 


In 
(2.184H + AV,)? ° 
C.D V, — (2.184H + AV,) L 


seconds . (17) 


(2.184H + AYV,) 


TABLE 3—MAXIMUM PENETRATION IN INCHES (OPEN-HOLE AND # = 00). BASED ON EQ. 16. 


H 

(ICT 

Material Scale) 

Basalt, Nephelite, Austin, Tex. 19 
Quartzite, Roanoke, Va. 19 
Granite Biotite, Barre, Vt. 19 
Granite, Quartz Monzonite, Milford, N. H. 18 
Schist, Muscovite, Charlottesville, Va. 17 
Limestone, Siliceous, Coyote, Calif. 17 
Sandstone, Ferruginous, Shreveport, La. 14 
Limestone, Dolomite, Joliet, til. 14 
Marble, Calcite, Ball Ground, Ga. 11 
Marble, Siliceous, Texas, Maryland 8 
Sandstone, Bitumirous, Provo, Utah 6 
Limestone, Bituminous, Ravia, Okla. 3} 
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Vth Nozzle Differential Pressure (psi) 

(ft/sec) 2000 2500 3000 3500 4000 
41.5 14.6 16.4 N79: 19.4 20.7 
41.5 14.6 16.4 17.9 19.4 20.7 
41.5 14.6 16.4 17.9 19.4 20.7 
39.3 17.3 18.9 20.4 

16.4 18.3 20.0 217. 23.2 

16.4 18.3 20.0 21.7 aoe 

30.6 19.9 PLP) 24.3 26.3 28.1 
30.6 19.9 22a2 24.3 26.3 28.1 
24.0 Dore 28.3 21.0 RE) 35.8 
Wea 34.7 38.8 42.5 45.9 49.1 
ERY 46.4 51.8 56.8 61.4 65.6 
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Penetration rate and maximum penetration are less for 
the cased condition than for the open-hole condition by 
the term AV, in Eq. 17 which represents the loss in 
momentum across the perforation. For the maximum 


penetration, the factor C,DV, — (2.184H + AV,)L 
= 0 must hold. 
2.184H + AV, 

Fluid cavity tests under cased conditions were run 
to determine the effects of perforation cross-sectional 
flow area and fluid back-pressure on performance. The 
test setup is shown in Fig, 3. The tests indicate that 
the pressure within the cavity and AV, are increased 
as the nozzle differential pressure (or tool pressure) is 
increased, Conversely, as the casing perforation area 
is increased, the cavity pressure and AV, are reduced. 
These relationships are shown in Figs. 4 and 5. 


A correlation of pressure data was obtained for 
cavity lengths of 14 and 39 in. and for tool pressures 
ranging from 2,000 to 4,000 psi, as shown in Fig. 4, 
which indicates that the momentum loss at first in- 
creases, reaches a maximum of approximately 0.40 
and then declines. These data are for a casing perfora- 
tion diameter of 0.42 in. 
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Fig. 5 shows the relationship between AV, and 
nozzle Ap, for casing perforation diameters of 0.42, 
0.50 and 0.75 in. and for back-pressures of 0, 500 and 
1,000 psi. This indicates that back-pressure has less 
effect on AV, losses as the perforation area increases. 
Also, for any perforation size the momentum or velocity 
loss tends to stabilize at some maximum value as back- 
pressure is increased. 


Perforation cross-sectional area is of more signifi- 
cance in obtaining improved performance than is back- 
pressure, as indicated in Fig. 5, In actual perforating 
operations, if the tool is allowed to move, a slotting of 
the casing is produced which tends toward open-hole 
conditions, with the subsequent increase in maximum 
penetration and reduction of cavity pressure. The small- 
est perforation diameter produced, using a hydraulic 
nozzle of 0.180-in. ID, is 0.360 in. This is based on 
the experimental fact that a jet impinging on a flat 
plate (normal to it) will produce a jet area of at least 
four times the nozzle area.’ There is always some per- 
foration area growth with time (even when the tool 
position is fixed) until equilibrium is reached. Tests 
indicate that this final equilibrium diameter is slightly 
less than 0.5 in. for a nozzle diameter of 0.180 in. 


1.0 
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Fig. 6 shows the relationship between maximum 
penetration and casing perforation area. Maximum 
possible penetration in any medium increases rapidly 
with increase in area until open-hole conditions are 
reached at approximately 2.0-in. equivalent diameter. 
The diameter at which open-hole conditions are reached 
will vary somewhat with the type of material being 
penetrated. 


EFFECT OF HYDRAULIC JET STAND-OFF 

Hydraulic jet stand-off is defined as the distance in 
the annular space between the hydraulic nozzle exit 
(L = 0) and the casing wall or, for open-hole condi- 
tions, the formation wall. The data of Forstall and Gay- 
lord’ indicates that, for a distance up to approximately 
six nozzle diameters, no loss of either power or velocity 
occurs in the jet stream. For a nozzle diameter of 0.180 
in., this distance is approximately 1.1 in. Beyond this 
point, the jet power diminishes according to the rela- 
tionship 

P, Grex 
(7) 

Thus, it is seen from Eq. 19 that the hydraulic power 
in the jet decays rapidly with distance according to 
(L/D)*. 

The jet velocity decays according to Eq. 4. There 
is essentially no loss in jet velocity until the L/D 
exceeds 6.4.’ 

These relationships for power and velocity are plotted 
in Fig. 7. It is obvious from Fig. 7 that for the sake 
of maximum cutting performance minimum stand-off 
distances should be used. However, use of minimum 
stand-off points up the necessity for tool protection 
from jet back-splash. A compromise must be made be- 
tween designs to provide adequate abrasion protection 
for the tool and performance to maintain maximum 
cutting ability. 


EFFECT OF SAND CONCENTRATION 

It is known from experience that even minute 
quantities of sand will provide exceptional cutting abil- 
ity when a high velocity is imparted to the grain. Ex- 
perience has indicated further that an optimum sand 
concentration does exist above which it is not desirable 
to go, from an economic as well as a performance stand- 
point. Information from tests and numerous field jobs 
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indicates this optimum falls in the range of 0.75 to 2.u 
Ib/gal. The reasoning developed in the following para- 
graph is an attempt to develop a theory describing 
relative abrasion performance as a function of sand 
concentration. 


The abrasion or cutting ability of the sand is de- 
pendent upon the momentum of the individual sand 
grains. Momentum at a given point in the jet is a prod- 
uct of sand mass and sand velocity at that point. The 
mass can be effectively increased until the sand par- 
ticles collide with one another at the extremity of the 
formation cavity. It is assumed that the minimum dis- 
tance that the sand grains must be separated in order 
to keep the grains from colliding is approximately one- 
half of a sand grain diameter. This corresponds to a 
maximum sand concentration of 4 lb/gal. This assump- 
tion is based on the fact that sand grains, after con- 
tacting the formation, must move radially at least one- 
half of a diameter in order to clear the area for the 
impact of the next grain. If a particular sand grain 
is not clear of the area, then the following grain will 
collide with it, and energy will be dissipated in fractur- 
ing the individual grain. However, in actual practice 
it is necessary that a distance greater than one-half a 
sand grain diameter be allowed because the grain 
motion after contacting the formation will be delayed 
by initial impact, direction and velocity change, friction 
and abrading along the cavity wall. It follows as a 
result of this reasoning that the sand concentration 
should be adjusted to maintain, on the average, dis- 
tances between grains greater than the minimum theo- 
retical distance in order to compensate for this effect. 
Considering all of these factors, the optimum sand con- 
centration approximates 1.0 to 2.0 Ib/gal. 


EFFECT OF COMMUNICATION 


All theory in this paper has been developed on the 
premise that the formation material does not fracture or 
communicate during the perforating operation and that 
it has essentially zero permeability. For the purpose of 
this discussion, the term communication refers to any 
condition whereby the fluid is permitted to re-enter the 
wellbore through channels other than the casing per- 
foration. If the formation fractures or takes fluid so 


487 


that all the perforating fluid does not return into the 
wellbore through the perforation, the penetration per- 
formance of the jet is substantially increased. The 
amount of increase in penetration depends upon the 
amount of fluid lost to the formation. Surface test data 
are plotted in Fig, 2, showing the increase which results 
under partial or fully communicating conditions.’ These 
data also indicate the variation in penetration with hard- 
ness and Ap, for the cement targets. 


CONCLUSIONS 


The following conclusions can be drawn from the 
analysis developed in the previous sections. The maxi- 
mum possible penetration and penetration rate is 
strongly influenced by the power or energy supplied 
to the jet, the formation hardness and perforation size. 
Factors which affect the performance, but not as 
significantly as those just noted, are nozzle stand-off 
distance, casing back-pressure and sand concentration. 
Nozzle stand-off distance and sand concentration, al- 
though important, are placed in this secondary category 
because any detrimental effect attributed to them can 
be controlled by proper tool design and proper operat- 
ing technique. Casing back-pressure is a factor which 
is not easily controlled because it is a function of well 
depth, casing-tubing size and reservoir pressure. Tests 
indicate that its effect approaches a constant value as 
the magnitude of the back-pressure is increased. 


The type of fiuid is considered to have negligible 
effect except insofar as its properties influence its sand- 
carrying ability in the annulus and as its flow losses in 
the tubing affect the surface treating pressure. 


It has been established that a threshold cutting 
velocity exists for each material. The criterion for de- 
termining these values is assumed to be abrasion hard- 
ness. There is a maximum possible penetration corres- 
ponding to infinite pumping time for each material. 
This maximum penetration increases for any particular 
material with increase in the differential pressure (or 
energy) supplied to the jet. The maximum possible 
peneration is also strongly affected by the size or area 
of the casing perforation or formation cavity for open- 
hole completions. Greatest penetration is obtained for 
a given nozzle Ap, and formation material under open- 
hole conditions. Open-hole conditions afford the least 
resistance to penetration and the smallest pressure build- 
up (velocity loss) in the cavity. The minimum equili- 
brium casing perforation area severely limits the maxi- 
mum penetration. It is advantageous to increase the 
perforation size by slotting the casing. This slotting 
effect can be accomplished by increasing the treating 
pressure, thereby stretching the tubing, or by a slight 
radial movement of the tubing at the surface. As the 
perforation area increases, conditions rapidly approach 
open-hole conditions as far as maximum penetration 
is concerned. 

Optimum pumping time cannot be recommended 
based solely on the information developed in this paper. 
Factors of an operational nature (such as number of 
perforations to be made at one time, formation depth, 
type of formation, tubing and casing size, etc.) influence 
the pumping time. 

However, the following general recommendations can 
be made. The maximum nozzle Ap, consistent with safe 
practice should be used, The tool should be designed 
for stand-off distances of six nozzle diameters or less, 
consistent with reasonable tool wear. Sand ratios in the 
range from 1 to 2 lb/gal should be used. Also, if con- 
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ditions allow it, the casing should be slotted or a relief 
perforation formed to improve penetration character- 
istics. 


NOMENCLATURE 
C, = empirical constant (C,, = 5.2), dimension- 
less 
C, = empirical constant (C, = 6.4), dimension- 
less 


D = nozzle diameter, in., ft 
= instantaneous peneration rate, ft/sec, ft/hr 


dt 
g = conversion constant, lb,, — ft/lb; — sec’ 
H = relative abrasion hardness of material meas- 
ured on ICT scale, dimensionless 
K, = constant of proportionality for power equa- 
tion, 1/lbs 
K, = constant of proportionality for velocity equa- 
tion, dimensionless 
K,’ = reciprocal of K, 
L = distance measured along jet axis, in., ft 
m, = average fluid mass rate of the jet at distance 
L from the nozzle, 1b,,/sec 


m, = average fluid mass rate of the jet at nozzle 
discharge (L = Q), lb,,/sec 
P, = power level of the hydraulic jet at distance 
L, ft-lb:/sec, hp 
Pisses = hydraulic losses caused by casing perforation 
restriction, back-pressure and formation 
pressure, ft-lb;/sec, hp 
P, = power level of jet at nozzle discharge (L = 
0), ft-lb,;/sec, hp 
P,, = threshold cutting power of the particular 
formation, ft-lb;/sec, hp 
A p. = pressure differential across nozzle, (L = 0), 
psi 
P, = annular static back-pressure, psi 
Pp. = cavity static pressure, psi 
P; = Static pressure in tool, psi 
R = sand-fluid ratio, 1b,,/gal 
p = sand-slurry density, 1b,,/cu ft 
S. G. = specific gravity, dimensionless 
t = time, seconds, hours 
V, = average fluid velocity of the jet at L dis- 
tance, ft/sec 


V, = average fluid velocity of the jet at nozzle 
distance (L = 0), tt/sec 
V,, = threshold cutting velocity for a particular 
material, ft/sec 
A V, = velocity: loss of jet resulting from flow 
through perforation, ft/sec 
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ABSTRACT 


This paper mentions briefly the history of hydraulic 
jetting as applied to perforating and fracture initiation. 
It points out the advantages of hydraulic perforation 
and undercutting as an aid for creating a fracture at 
the point desired rather than depending upon the weak- 
est point in the formation for breakdown. 

It describes early experimental work with jet nozzles 
in search of better nozzle materials. The effect of 
splash-back damage and its subsequent influence on jet 
body and tool design during this work is discussed. 

A series of cutting-rate curves for jets cutting steel 
and steel-cement-formation combinations is presented to 
show the effect of hydrostatic head and the point of 
diminishing returns with respect to cutting time. 

There is a series of photographs showing various 
types of rock formation in which perforation and under- 
cutting tests were made. These stones were drilled and 
the casing cemented in place as in an actual well. The 
casing was perforated and circularly cut as if preparing 
for a fracturing job. 

The conclusion reached in the paper is that hydraulic 
jetting with sand-laden fluid can be used for perforating 
and undercutting casing, cement and formation rock for 
the intended purpose of inducing the formation to frac- 
ture at a desired point. 


INTRODUCTION 


Hydraulic jetting as a means of cleaning a formation 
during acidizing has been used for many years. The 
acid-jet gun was used to clean formation and for drill- 
ing cement from casing with acid. This tool was drop- 
ped to a seating ring installed on the tubing and could 
be retrieved by reverse circulation or wire line. In this 
process, the fluids were directed against the formation 
to clean and penetrate beyond the mud-damaged area. 
After the development of the hydraulic fracturing pro- 
cess, interest in jetting the formation with abrasive- 
laden fluid was renewed. The cutting action of abrasive 
fluid on pumping equipment, which is a well known 
problem, has been utilized to perforate and undercut 
casing, tubing and formation. In this process, surface 
areas are provided in the formation on which the frac- 
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turing pressures may work to produce a fracture at the 
location desired. 


EQUIPMENT 


The tools used consist of bodies containing two, three 
or four jets in a single horizontal plane equally spaced 
around the circumference. The body is threaded to the 
end of a string of tubing and run into the well. In 
addition, an expendable tool is available that may be 
left in the hole after perforating and produced through 
until necessary to remove the tubing. The bottom of 
each tool is equipped with a ball-type back-pressure 
valve. The ball can be reversed to the surface and re- 
covered. This allows reverse circulation so that loose 
sand which accumulated below the tool while jetting 
may be removed before the fracturing job. The present 
jetting tools are of such length that, when screwed 
together, the jets fall on 12-in. spacing. 


ANALYSIS OF THE PROBLEM 


Early work with nozzles indicated that hardened 
steel was not a suitable material for jets and that more 
durable material would be required. Ceramics were 
tried and found to be superior to steel but still too short- 
lived for most applications. Tungsten carbide, which was 
tried and found to be the best material available, is 
now being used for jet nozzles. Analysis of the prob- 
lems presented by this process indicated that the follow- 
ing information was needed. 

1. The effect of submergence on a jet stream and the 
effect of submergence on the cutting rate of a jet 
stream. 


2. The cutting rate and depth of a jet stream in 
steel. 


3. The cutting rate in various formations and point 
of diminishing returns. 


4. Size of hole or slot cut in a pipe by a given jet. 
5. Fluids and sands used. 


6. The flow of various weight fluids through the jet 
nozzle and the discharge coefficients. 


7. The type cut formed in the formation by the jet 
stream. 


8. The stretch and contraction of tubing due to 
temperature and pressure. 


The cutting effect of a jet stream on a target in the 
atmosphere is rapid and spectacular as most of the 
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impact of the solid particles and fluid is expended in 
the removal of material from the target. On the other 
hand, a submerged jet stream has a much slower cutting 
rate because it must do work by displacing the sur- 
rounding fluid before reaching the target. Since all jet- 
ting in a well would be performed under submerged 
conditions, it was concluded that experimental work 
should be done likewise so that the data could be applied 
to actual field jobs. 

The theoretical energy per unit of time or power 
available in the jet stream at the exit of the jet nozzle 


may be expressed as 
where QO = flow rate of the eck fluid mixture, cu ft/ 
sec, 


W = specific weight of the sand-fluid mixture, 
Ib/cu ft, and 
h = drop in pressure head across the jet noz- 


Zle, ft. 
Setting 
W=Ws + Wf 
where Ws = the weight of sand/cu ft of sand-fluid 


mixture and 
Wf=the weight of fluid/cu ft of sand-fluid 
mixture, 
Eq. 1 can written as 
Assuming that, in the process of cutting casing, cement 
and formation rock, the energy in the jet stream due 
to the presence of the fluid is negligible and that the 
entrained sand has the same velocity as the fluid, this 
equation can be reduced to 
which is an expression of the power due to the presence 
of the sand only in the jet stream. 
The flow rate QO can be expressed as 


where V = velocity of jet stream in ft/sec, and 
A = area of nozzle orifice in sq ft. 


Substituting V = \/2gh for V in Eq. 4 gives 
Substituting Eq. 5 in Eq. 3 gives ore expression, 
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Fic. 1—Cuttinc-RAate Curves FOR THREE PRESSURE RANGES AT 
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Power = A Wsh or WsA 
(6) 


Since the head can be as 


P 


where P = the pressure drop in Ib/sq ft, and 
W = specific weight of the sand-fluid mixture, 
lb/cu ft, 
Eq. 6 can be written as 


P 3/2 


It thus is seen that the theoretical power varies with 
the 3/2 power of the pressure drop across the jet nozzle 
for constant values of A, Ws and W. Therefore, increas- 
ing the pressure drop across the jet nozzle from 1,000 
to 2,000 psi increases the cutting power of the sand- 
fluid stream by 2.83 times, since 2° = 2.83. 


PROCEDURE 


The first data were taken during the perforation of 
steel plates at various pressure drops and stand-off dis- 
tances using gelled water containing 1 lb of 20-40 
Ottawa sand per gallon of water. Stand-off, as used 
herein, means the distance between the discharge end 
of nozzle and target. Fig. 1 shows the cutting-rate 
curves for three pressure ranges at various stand-off 
distances for one minute’s cutting time, It was found 
that for practical reasons a stand-off distance between 
% and 1 in. should be maintained, but to do so is at 
the expense of the cutting rate. Starting with the 1-in. 
mark on the 1,000-psi curve, each increase of 1-in. 
stand-off decreases the cutting rate about 20 per cent; 
at the 6-in. mark, cutting virtually ceases. This has been 
confirmed many times in cutting hard formations as well 
as steel. 


The 2,000-psi curve also shows a rapid decrease in 
cutting rate as the stand-off distance increases to a dis- 
tance of approximately 8.5 in. (curve extrapolated), at 
which point cutting also virtually ceases. Fig. 1 also 
shows that the penetration rate in the steel plate at the 
Y2-in, stand-off mark increased from .16-in./min at 
1,000 psi to .39 in./min at 2,000 psi, or by a factor of 
2.44 times when the pressure drop was doubled. As was 
pointed out earlier, increasing the pressure drop from 
1,000 to 2,000 psi increased the power of the sand- 
laden jet stream by 2.83 times. Therefore, it is ad- 
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vantageous to jet with as high a differential pressure 
as can economically be obtained. 


During this work, the damage due to splash-back 
from the target to the jet face became apparent, and 
corrective measures were necessary. The jet faces and 
tool body were being cut away almost as rapidly as 
the target. In fact, a tool body containing the jet could 
be destroyed in a few minutes. The first protection de- 
vised was a large thick hex-head on the jet nozzle to 
absorb the splash-back, This method proved feasible, for 
it protected the tool body and lasted as long as the jet 
itself. The next step was to increase the distance between 
the jet and target by reducing the OD of the tool itself. 
This was done at the expense of a faster cutting rate; 
however, it did increase jet life considerably. It was 
found that the jet should not be run closer than three 
jet diameters from the target; otherwise, severe splash- 
back cutting would occur. For this reason we suggest 
running a tubing centralizer above the tool so that each 
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jet will have an equal stand-off. Fig. 2 shows typical, 
cut jet faces. 


The effect of depth of submergence on the cutting 
rate was considered and experiments were run on Berea 
sandstone targets submerged 60-, 1,000- and 2,000-ft 
deep in the test well. Each target was perforated with 
the same diesel oil-sand mixture, jet and pressure con- 
ditions except for depth of submergence, A plot of these 
cuts (Fig. 3) shows that all have virtually the same 
cutting rate. Identical tests conducted with water and 
sand on targets submerged 2 ft show slightly less cutting 
rate. For a given pressure, water has a lower head than 
oil; therefore, a lower velocity and less cutting power 
are available at the target. Indications are that the depth 
of cut in a given time at a given pressure drop across 
the nozzle is independent of the depth of submergence 
or hydrostatic pressure so long as the jet stream cannot 
cavitate and draw air or communicate as through a 
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crack or into a very porous formation that will take 
fluid easily. 

An analysis of the cutting-rate curves (Figs. 4 through 
8) shows that, after about 20 to 25 minutes’ pumping 
time, a maximum of penetration (or point of diminish- 
ing returns) has been reached and further pumping is 
not profitable. This has been proved by a number of 
experiments based on the cutting of steel. Tests show 
that penetration is deeper in soft formations than in 
hard ones, but there still remains a limit reached even 
in clear water where it can be observed. 

The size hole produced in a pipe by a given jet 
while perforating is a function of pumping time. In a 
normal pumping time of 20 to 25 minutes at a stand- 
off of 3% to 1% in., the hole produced in the target is 
approximately three times the diameter of the jet used. 
A longer pumping time enlarges the hole without 
materially increasing the depth of penetration because 
the fluid entering the perforation must return to the 
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wellbore through the same perforation, thus eroding the 
circumference and enlarging the diameter of the perfora- 
tion. In perforating a Berea sandstone target with a 
Y4-in, jet, for instance, a %4-in. diameter hole was pro- 
duced in 21 minutes’ pumping time and a 1¥%-in. 
diameter hole in 33 minutes (Fig. 9). 

The width cf a circumferential cut in steel pipe is 
approximately 212 times the jet diameter, irrespective 
of pumping time. For instance, a 13%-in. casing 
cemented inside 20-in. casing was cut off in 3 hours 
and 20 minutes by rotating two 3/16-in, diameter jets, 
using 1 lb 20-40 Ottawa/gal at 3,000-psi differential, 
and the width of the cut in both pipes was barely 2 in. 
The reason is that a path has been cut for the return 
fluid and the interference of back-flow is decreased. 
A circular cut penetrates deeper than a straight perfora- 
tion; however, it takes slightly more time because of the 
removal of more material. This is shown by comparing 
Fig. 6 with Fig. 8. The curve in Fig. 6 has reached its 
maximum penetration, and further pumping will not 
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increase the depth while the corresponding curve in 
Fig. 8 has not yet reached its maximum penetration. 
It has been learned that a deeper penetration may be 
made by perforating in a position for three or four 
minutes, then rotating the tubing a few degrees and 
re-perforating a new hole beside the first one. This 
provides a return path for the fluid. 

Any type fluid, gelled or ungelled, may be used for 
jetting. However, it is desirable that it be compatible 
with the formation and formation fluids on which it is 
to be used. Gelled fluids are generally used to circulate 
sand from a hole where the fluid velocity up the annulus 
is too low for ungelled fluid to carry the sand, Most any 
type of sand may be used; however, the round-grain 
20-40 Ottawa sand has been the most popular to date 
because it is the sand used in most fracturing jobs and 
is available. Recent tests indicate that the cutting rate 
of a 10-20 subangular sand cuts approximately 25 per 
cent faster and further than the 20-40 Ottawa. Fig. 10 
shows the relative cutting rates. The increase in cutting 
rate of the 10-20 over the 20-40 appears due to the 
greater mass of each grain having greater momentum 
to expend against the target. 

The flow of fluid through an orifice is a function of 
the cross-sectional area, velocity and coefficient of dis- 
charge. 

where Q = cu ft of fluid/sec, 
A = area of orifice in sq ft, and 
V = velocity in ft/sec. 
actual flow 


= 10 
© theoretical flow 10) 
and 
where g = acceleration due to gravity, and 
h = head of height of column of fluid. 
PX 144 
p X 7.48 


where P = pressure drop across nozzle, psi, 

= density of fluid, 1b/gal. 

Eq. 12 shows that, for a given pressure, a light- 
weight fluid has a higher head A than a heavier fluid. 
For this reason, oil has a greater velocity through the 
jet than water and should cut faster. 

The carbide nozzles used now have a sharp entrance. 
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A rounded entrance of the proper shape would be more 
desirable, but the sharp-edged nozzles are used for eco- 
nomic and availability reasons. It was found that the 
sharp-entrance nozzle would wear down rapidly to the 
proper shape after a few minutes’ running time. Fig. 
11 shows the coefficient change vs pumping time. The 
discharge coefficient of this sharp-edge jet nozzle at 
the beginning was .69, rapidly improved to .79 and, 
later, to .80. The highest coefficient reached was .88. 
Fig. 12 shows the discharge through a 3/16-in, jet 
nozzle for various densities of fluid vs pressure. These 
data were computed using a discharge coefficient of 
0.8. To more easily compute the flow through a jet 
nozzle, a simplified formula was worked out as follows. 


where P = pressure, psi 
p = density, lb/gal, and 
D = diameter of jet, in. 

The types of cuts in formations are shown by the 
photographs of Figs. 13 through 16. Perforations through 
the pipe into the cement and formation are generally 
potato-shaped behind the pipe and round in cross sec- 
tion. The diameter of the washed-out area is generally 
about one quarter the depth of the cut. Longer pump- 
ing time beyond a normal 20 to 25 minutes does not 
materially increase the depth of cut, but does enlarge 
the cross-sectional area, If the cement behind the pipe 
is softer than the formation, it will be cut away faster 
than the formation and the hole produced will have a 
stepped conical shape. Fig 14 shows a typical open- 
hole perforation in Berea sandstone. 

The circular cuts shown in Figs 13 and 15 are 
typical and reach deeper than a fluid-cut perforation. 
The circular cut provides a flow path for the returning 
fluid so that it does not interfere with the jet stream to 
produce severe turbulence, which cuts a wider slot if 
present, as in a perforation. It should be noticed that 
the outer edge of a circular cut terminates in a rather 
sharp ending rather than a rounded end as in a perfo- 
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ration. The larger area produced provides an excellent lar cuts were made under simulated well conditions of 
working area on which fracturing pressure may bear to submergence. On completion of the tests, a vertical cut 
lift the formation and form a fracture at the sharp was made by reciprocating the jetting tool in order to 
notch at the outer edge of cut. part the stone from within. The cement sheath was not 

Figs 15 and 16 show a piece of casing cemented in fractured, nor was the casing disturbed, prior to its 
Viola limestone formation. Both perforations and circu- removal from the stone with a hammer. 


The motion of a string of tubing due to changes of 
temperature, pump pulsations and stretch due to pres- 
sure must be recognized and allowed for in placing the 
jetting tool at the desired location. In shallow wells, this 
has not been a problem; however, in the deeper ones, 
corrections for a change in length should be made. A 
collar locator and a mechanical tubing holddown have 
been developed so that a jetting tool may be accurately 
located and held in place during a job. By anchoring 
the tubing just above the jetting tool, any stretch or 
change of length due to pressure or temperature will 
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be reflected at the surface and will show up as a change 
in weight on the weight indicator. The collar locator is 
operated by turning the tubing to the right and lifting. 
This in turn moves two fingers outward to engage the 
pipe wall; and, as the tubing moves upward, the fingers 
engage the collars and stop movement. The increase in 
weight on the indicator shows that a collar has been 
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found. Lowering the tubing releases the fingers and re- 
sets the tool so that it is ready for another collar. 


The mechanical holddown operates by rotating the 
tubing to the right and lowering. Lifting the tubing 
unsets the slips and resets the tool, making it ready for 
immediate re-use. The top end of the holddown is 
equipped with bearings which allow free rotation of the 
jetting tool. It has a full 2-in. opening through the 
mandrel and will fit all weights of a given casing size. 


Field experience up to this time has successfully 
handled such situations as perforating in 2%-in. tubing 
where other means of perforating had failed. Addi- 
tionally, combination strings of casing cemented together 
have been perforated or cut-off to establish communica- 
tion with the formation. In many cases where the circu- 
lar cut was made through the casing into the formation, 
wells have been made into better wells because the frac- 
ture produced was located at the point of initiation de- 
sired rather than depending upon the weakest place in 
the formation for breakdown. 


CONCLUSIONS 


The development of this process has shown that oil- 
well casing, cement sheath and formation can be perfo- 
rated or undercut in a relatively short time—that there 
is a point of diminishing returns beyond which a longer 
pumping time will not produce appreciably deeper pene- 
tration. The depth of penetration is determined by the 
pressure drop across the nozzle, the size of sand grain, 
the hardness of the target being cut and the pumping 
time. 
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Experimental Stress Analysis of Tool Joints 


INTRODUCTION 


Drill pipe, and the connections 
used to join the pipe together, have 
had a long history of development 
and improvement. With the growing 
use of high tensile-strength pipe, the 
rotary shouldered connections used 
to join the lengths of drill pipe have 
become more critical. Fatigue-type 
failures of rotary-shouldered con- 
nections, or tool joints, have become 
a cause of much conern to operators 
and manufacturers. 


Most fatigue tests on tooi joints 
have been made on the basis of bend- 
ing moment applied vs number of 
cycles, rather than on the basis of 
stress vs cycles. A desire to learn 
more about the nature of stress in a 
tool joint due to bending caused a 
rather intensive experimental study 
to determine what actually happens 
to cause fatigue failure. It was known 
that a tool joint with insufficient 
make-up torque was subject to early 
fatigue failure. Therefore, the estab- 
lishment of the relationship between 
make-up torque and allowable bend- 
ing moment would enable a testing 
engineer to better correlate the re- 
sults of various tests. 


The problem of calculating the 
stress 1n a tool joint due to an applied 
bending moment was complicated 
by: the effect of unknown stress con- 
centrations; the applicability of the 
well known formula S$ = Mc/I; and 
the question of whether to use the 
combined cross section of the pin 
and box in calculating the moment 
of inertia J. 


TEST EQUIPMENT 


The test equipment consisted of 
the following. 


1. A lathe mcdified to act as a 


Original manuscript received in Society of 
Petroleum Engineers office Aug. 16, 1960, Re- 
vised manuscript received Feb. 13, 1961. 
Paper presented at 35th Annual Fall Meeting 
of SPE, Oct, 2-5, 1960, in Denver, 
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fatigue machine for full-size tool 
joint or drill-collar specimens. 

2. An adapter plate bolted to the 
headstock of the lathe and into 
which a short adapter was screwed. 

3. Tool-joint pins on sections of 
drill collars bucked into the adapter. 

4. A hydraulic load cylinder which 
rested on the bed of the lathe and 
applied bending moments to the 
joints. 

5. Paper-backed strain gauges 
(FAP-12-12, ¥%-in, gauge length and 
A-5-1, %-in. gauge length). 

6. Eastman 910 contact cement 
for bonding gauges to joint and 
Epoxylite 222 waterproofing. 


7. A 12-position switchbox, SR-4 
bridge balancing unit connected to an 
SR-4 strain indicator to read the 
gauge output. 

8. four-channel Sanborn re- 
corder, Model 150, was used as the 
readout instrument for part of the 
testing. 

The fatigue machine was well 
suited as a loading device. Because 
of the long lever arm available, the 


change of moment with distance was 
small; consequently, the vertical 
shear stress was small, less than 300 
psi, Some difficulty was experienced 
with the hydraulic load cylinder at 
high bending moments due to leak- 
age. The strain gauge equipment was 
simple and quite reliable. 

A 414-in. extra hole (E. H.) joint 
with “as machined” threads and 
shoulders and a 27%-in. internal flush 
(I. F.) joint with copper-plated 
threads and shoulders were selected 
for testing because of their common 
usage in the field. In addition, the 
414-in, E. H. was suitable because 
it had an inside diameter large 
enough to permit the insertion and 
accurate positioning of strain gauges 
without using special jigs, while the 
2%-in. I. F. joint required much 
lower bending loads to cause separa- 
tion of the shoulders of the joint 
when made up to the recommended 
torque. The joints were made to 
standard API specifications, except 
for very small bevels on the box 
and pin shoulders and cylindrical 
stress-relief grooves added to the 
pins. Larger bevels would have 
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changed the stresses at the surface 
to less representative values of the 
stresses throughout the cross section. 

Fig. 1 shows the location of the 
strain gauges on the 4%4-in. E, H. 
joint. 


TEST PROCEDURE 


A 60 per cent zinc-base grease 
was applied liberally to the threads 
and shoulders of the pin and box. 
The tool-joint pin was screwed into 
the adapter box hand-tight, and zero 
readings were taken on all strain 
gauges. The joint was then screwed 
together to some higher torque value. 
New strain readings were taken on 
all gauges, the difference in the read- 
ings being the strain due to torque 
alone. The joint was then rotated so 
that the strain gauges would record 
the maximum and minimum strains 
resulting from the bending moment. 
From this new reference position, 
the strain readings of successive 
bending loads were recorded, the pro- 
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cedure being repeated at increased 
bending loads until perceptible 
shoulder separation occurred, The 
complete procedure was then re- 
peated at successively higher make- 
up torques. 


DEFINITIONS 


The calculation of proper make- 
up. torque for various bending loads 
on tool joints has been made on the 
assumption that the stress due to 
bending follows the flexure formula 
of 

and the average stress in the pin or 
box due to the make-up torque was 
calculated on the basis of a modified 
screw-jack formula’ 

T = SA(P/2r + f 

The bending strain is assumed to be 
linear with stress according to 

S,= 


The minimum recommended 
make-up torque was then found by 
equating the stress in the box due to 
bending, to the stress induced by the 
make-up torque. 


In an effort to verify the results 
of this analysis, it was discovered 
that an unanticipated phase occurred 
during the bending of a pair of tool 
joints. There was a phase of bend- 
ing during which the shoulders of 
the pin and box had no perceptible 
separation, yet the stress in the pin 
and box due to bending was no 
longer linear. Therefore, it is be- 


1References given at end of paper. 
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lieved that a tool joint actually has 
three zones or phases during bend- 
ing. These zones are the follow- 
ing. 

1. Solid body bending (i.e., no 
relative slippage between the threads 
or shoulders). The threaded portions 
of the pin and box bend as a solid 
body. This zone is the safest from 
the standpoint of fatigue damage. 


2. Slippage zone. Shoulders have 
no perceptible separation, yet stresses 
increase in a nonlinear manner. Rela- 
tive axial motion occurs between the 
threads of the pin and box. This is 
a danger zone and may cause worn 
threads and early fatigue failure. 

3. Shoulder separation. The pin 
loses much of the strengthening effect 
of the box shoulder. The joint would 
leak fluid if in service. 


Throughout this discussion, a fully 
torqued tool joint is understood to 
be a pin and box made up with suf- 
ficient shoulder compression to cause 
single body bending of the threaded 
portion of the pin and box. 


It was felt that the bending loads 
would induce a uniaxial stress situa- 
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tion. This situation was checked and 
found to be true on the box OD; 
therefore, it was assumed to be true 
elsewhere. The stress situation due 
to the torque is triaxial, even in the 
box counterbore. 


INTERPRETATION OF 
RESULTS 


Fig. 2 shows the bending moment- 
stress curve on a 4% in. E. H. tool 
joint. The make-up torque (2,000 
ft-lb) was low, so the shoulders of 
the pin and box separated at a rela- 
tively low bending moment. The 
stress on the tension side of the pin 
increased linearly with bending mo- 
ment to approximately 160,000 in.- 
lb. Above this moment, the tensile 
stress increased in an increasing non- 
linear manner, while the compres- 
sion side of the pin remained at a 
constant stress value, Figs. 3 and 4 
are similar to Fig. 2, but show bend- 
ing moment stress linearity with 
higher bending moments because of 
the higher make-up torques. 


Fig. 5 shows a more complete pic- 
ture of the bending stress across a 
pin and box. The tension stress of 
the pin increases linearly, as does 
the box stress to about 280,000 in.- 
lb moment. Above this moment, the 
pin stress increases more rapidly, 
while the box tension becomes con- 
stant and then falls off. This indi- 
cates that equilibrium is maintained 
by shifting the transfer of the bend- 
ing moment from the contact shoul- 
ders to the threaded sections. The 
reverse side of the joint shows the 
opposite effect. The compression side 


7 
2g JOINT 
304 
20+ — 
BE. 
lot 
0 
200 400 
a 
10. 
a 
n 
3 ‘\ 
LEGEND NS 
40+” “1670 FT LB MAKE UP TORQUE 
—?2440 FT LB MAKE UP TORQUE 
———— —3080 FT LB MAKE UP TORQUE 
4330FT LB MAKE UP TORQUE 
BENDING MOMENT (IN ) 


Fic. 7—Benpinc Moment-Stress CuRvVE 
ror 2%-1n. J. F. Jornt. Stress Was 
MeraAsuRED ON THE Box OD NEAR 
THE SHOULDER. 


498 


of the pin refuses to carry a higher 
stress, which transfers additional 
stress into the compression side of 
the box. This slippage zone occurs 
before the shoulders of the pin and 
box have appreciable separation. 
Even though the shoulders have not 
separated enough to leak, this slip- 
page between the pin and box may 
be accompanied by a shift of the 
neutral axis, but this has not been 


determined. This effect is possibly 
caused by the bending tension on 
one side of the pin, increasing the 
make-up torque tension and reduc- 
ing the box make-up compression. 
Just the opposite situation holds true 
on the other side of the joint. 

Fig. 6 shows the bending moment- 
stress curves in the pin for various 
make-up torques. It is evident that 
the bending stress is lower at high 
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make-up torques compared to low 
torques. Fig. 7 shows similar-type 
curves on the 27%-in, I. F. joint with 
the stress measured on the box OD. 
The box tension levels off at higher 
moments because the tension is su- 
perimposed on the compressive stress 
resulting from make-up, and this ob- 
served tension is actually due to a 
reduction of the existing compres- 
sion. An interesting note is that the 
bending tension on the box OD is 
somewhat greater than the make-up 
compression. This is possibly due to 
a shifting of the neutral axis, hence 
a varying moment of inertia. 


Inspection of Figs. 8, 9, and 10 
reveals that the stress distribution 
across the stress-relief groove of the 
pin and the counterbore of the box 
must be fairly complex. For equili- 
brium to exist, the theoretical bend- 
ing stress in the pin and box, inte- 
grated over the area, must equal 
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the actual stress over this section 
integrated over this area. From 
comparison of the actual stress at 
the surfaces of the pin and box to 
the theoretical stresses, one concludes 
that the bending stress on the inside 
of the cross section is greater than 
the surface stress. This is somewhat 
unusual but might be expected from 
the irregular nature of the composite 
beam. 


Efforts were made to predict the 
point of incipient slippage in correla- 
tion with the make-up torque, and 
the stress due to the make-up. The 
closest correlation is shown in Fig. 
11. The curve for the 2%-in. I. F. 
joint has the same general shape as 
the curve for the 44%2-in. E. H. joint, 
but obviously some factor is miss- 
ing. A fairly linear relationship be- 
tween make-up torque and maximum 
safe bending load does exist in the 
lower torque ranges. As make-up 
torque increases, the ability of the 
joint to carry higher bending loads 
increases more slowly. The increase 
in static pin tension at the higher 
torque does slightly lower the allow- 


able alternating stress, but the re- 
duction in the actual bending stress 
does more than offset the reduction 
of the allowable alternating stress. 
Fig. 13 shows that a high mean stress 
(or average stress), even above the 
yield point, can be applied but that 
the material may last 10-million 
cycles if the alternating stress — the 
stress amplitude — is small. 

Figs. 2, 3 and 4 all show the 
linearity of stress vs bending mo- 
ment until slippage occurs. Before 
slippage, the stress can be calculated 
from a modification of Eq. 1. 

S =M Kce/I (4) 
where K does not depend on the 
absolute value of c but is a stress 
concentration factor caused by the 
geometry of the joint. The agreement 
in K values between the two joints 
tested is fairly good, usually within 
10 per cent of the average value. 

Table 1 gives the K values for the 
tool joints tested. Each value was 
taken from an average of several 
readings at various torques. It is be- 
lieved that these values of K apply 
to other sizes and types of joints. 

A qualitative picture of the stress 
distribution of a made-up tool joint 
is shown in Fig. 12. 


CONCLUSIONS 


1. The stresses in a tool joint due 
to bending are linear up to some 
point at which the stress in the ten- 
sion side of the pin increases in an 
increasing, nonlinear manner. This 
increase of stress raises the likeli- 
hood of fatigue failures. 


2. This transition zone occurs at 
some point at which the friction be- 
tween the pin and box due to make- 
up torque is insufficient to transmit 
the bending loads, yet there is no 
perceptible separation of the shoul- 
ders. 

3. The higher the make-up torque, 
the larger the bending moment at 
which the stress becomes nonlinear. 

4. Due to the complicated stress 
flow in the pin, the stres:; due to 
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bending cannot be calculated from 
S= Mc/I, but it is equal to S = M 
Kce/I until slippage occurs. K is a 
geometry factor which depends upon 
the point at which the stress is 
measured. 


5. The distribution of make-up 
stress in a cross section of the tool- 
joint pin is very irregular. Eq. 2 gives 
the average stress due to the torque, 


TABLE 1—K VALUES FOR TESTED TOOL JOINTS 


Lecation 
Box Box 
ID OD 
1.35 90 
78 
1.24 .84 


but the maximum stress can be sev- 
eral times that value. This is a static 
stress and is not as damaging in 
fatigue as an alternating stress. 

6. It appears that the suggested 
field-practice torque range is correct, 
but that the high side of the torque 
range is safer from an operating 
standpoint than the lower end of 
the torque range. 


NOMENCLATURE 


S = stress at any point, psi 
M = bending moment, in.-lb 
c = distance from neutral axis to 
fibers, in. 
7 = moment of inertia, in.” 
T = applied torque, in.-lb 
A = area of pin or box, in.” (meas- 
ured %-in. from shoulder) 


P = thread pitch = 1/number of 
threads/in. 


= 3.1416, radians 


} = coefficient of friction between 
mating surfaces, dimension- 
less 

Rt = mean thread radius, in. 
Rs = mean shoulder radius, in. 

6 = one-half the included thread 
angle, degrees 

€ = unit strain, in./in. 

E = Young’s modulus = 30 X 10° 


psi 
u. = Poisson’s ratio (dimension- 
less) = .28 
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INTRODUCTION 


A common cure of lost circulation is the introduction 
of granular bridging agents into the mud system. Many 
materials, such as ground nut shells, are used for this 
purpose, If the trouble causing void (fracture, fissure, 
vug, etc.) is not too large, the granular agent forms a 
“bridge” across or within the opening. Successively 
smaller particles in the mud stream then accumulate 
on and/or within this bridge until normal filtration is 
finally established. The efficiency of many bridging 
agents has been studied in the laboratory using various 
slot testers.”” 


Many investigators have remarked that a granular 
bridging material should have the proper particle size 
distribution. With the exception of the broad range 
specified in the patent of Goins and Nash,’ there is 
apparently no definition as to what this distribution 
should be. 

A bridge may be initiated when several particles of 
lost circulation material lodge against each other in a 
fracture or other void. Smaller particles then may 
bridge the openings between the larger, previously 
bridged particles. This process continues until the voids 
become quite small and the problem becomes one of 
filtration. It would seem logical that an optimum particle 
size distribution exists, i.e., one containing the proper 
quantity of properly sized material to fill the successive- 
ly smaller voids of the bridge. 


The filtration characteristics of drilling fluids may be 
subject to a similar analysis. It has been clearly demon- 
strated by many workers that the filtration behavior of 
various muds can be altered by particle size control.** 
Siusser, et al,’ divided filtration into three periods and 
showed that particle sizes affecting a given period did 
not necessarily affect other portions of the filtration 
curve. 

An analagous problem is the proper sizing of gravel, 
liner slots and screen sizes in various sand-exclusion 
problems. Here the situation is reversed in that a proper 
“void” size, rather than the size of the bridging agent, 
is sought. The classic work of Coberly’ forms the 
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quantitative basis for most sand-exclusion processes. It 
is interesting to note that, in general, Coberly’s work 
has been overlooked by most drilling-mud researchers. 

Other investigators have made various studies of the 
effect of particle size distribution on drilling-mud prop- 
erties. As a part of their studies, Fancher and Oliphant 
reported 30-minute filtration loss of a variety of mix- 
tures of particle sizes.° Gates and Bowie noted an 
effect of particle size distribution on filtration, as well 
as on other physical properties." 


MAXIMUM DENSITY THEORY 


A maximum density mixture has been mentioned as 
the possible solution for both lost circulation and mud 
filtration problems.” Furnas” derived mathematically 
a method for obtaining maximum density of beds of 
packed solids, having either a given number of com- 
ponent sizes or a continuous gradation of sizes. This 
work was verified experimentally by Anderegg.” For 
mixtures having a continuous grading of sizes, the 
interval between sizes is taken as successive screen sizes 


of interval Wie) The ratio of the quantity of each size 
and the next smaller size is given by the equation 


1 
r= 
where r = the quantity ratio between successive sizes 
of interval \/2, 
¢ = the porosity of a bed composed of material 
of one screen size, 
n=one less than the number of component 
sizes obtained from the ordinate of Fig. 1, 
and 
m = one less than the number of screens used, 
i.e., the number of size intervals of ratio 
V2. 

Fig. 1, number of size intervals of ratio \/2 taken 
from Furnas’ paper, gives the value of n + 1 for any 
given values of ¢ and K, where K is the ratio of the 
diameter of the smallest particles to the diameter of the 
largest partictes. Measurement by weight assumes, of 
course, constant density for all particle sizes. Choosing 
the quantity of the smallest particle size as a unit weight, 
the required weights of the successively larger intervals 
are then r, r’, 7°,..., (r) ™. Thus, the grading curve of 
a Maximum density mixture represents a geometric pro- 
gression of ratio r. 


This page of Petrolewm Transactions, AIME follows page 500. The interven- 
ing non-Transactions pages appeared in Journal of Petrolewm Technology. 
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Fic. 1—Retarion Between Size Ratio AnD NUMBER OF Com- 
PONENT Sizes For Systems or Maximum Density. 


The purpose of this study was the preliminary appli- 
cation of the Furnas theory to some particle bridging 
features of lost circulation and mud filtration. 


LOST CIRCULATION. TESTIS 


These tests were conducted with a wedge-shaped slot 
tester, as described elsewhere.’ The slot used had an en- 
trance width of 0.50 in., tapering to about 0.06 in, at 
the exit. 

A 50-lb, randomly selected sack of medium-sized 
crushed walnut shells was screened using United States 
Standard sieves; the sizes of successive sieves vary by 
\/2. The particle size distribution of this sample is 
shown in Fig. 2. It is realized, of course, that not all 
sacks will necessarily have this distribution, The maxi- 
mum density distribution of particle sizes then was 
calculated by Furnas’ method, using ¢ = 0.50; this 
distribution curve also appears in Fig. 2. 

A nut shell sample having its original particle size 
distribution was thoroughly mixed into a 16-gal sample 
of mud in a concentration of 20 lb/bbl. Likewise, a 
quantity of particles was combined to give the calculated 
maximum density distribution. This was mixed into an 
identical portion of mud in the same concentration of 
20 Ib/bbl. 

Each sample was pumped through the tester at about 
8 gal/min until bridging occurred, or until the entire 
sample was expended, A stable bridge occurred when 
fluid did not pass the slot at 225-psi differential. Results 
of these tests are shown in Table 1, Runs 1 through 
12, It is clear that the maximum density mixture con- 
sistently bridged the slot, while that from the original 
sack did not. 

An additional quantity of the largest particles (12 
mesh) then was added to the standard sample so that 
it contained the same amount of the largest size as 
did the maximum density sample. Runs 13 through 15 
were made with this mixture. In Run 13 a stable bridge 
formed; however, Runs 14 and 15 were unsuccessful. 
These three tests suggest that, while the quantity of 
large particles is important in initiating the bridge, a 
proper distribution of successively smaller sizes sup- 
plements the “seal’, 
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FILTRATION TESTS 


Standard API equipment was used for the filtration 
tests against filter paper. Other tests substituted a 2% -in. 
diameter by 2-in.-thick sandstone core for the filter 
paper. The cores used were quite uniform and had 
permeabilities of 600 to 800 md. 


The fractionated aquagel samples obtained by Jessen 
and Mungan™ were used in this investigation. Their 
nomenclature will be used for each size range as listed 
in Table 2, taken from their paper. Muds having maxi- 
mum density, as well as standard particle size distribu- 
tions were prepared as defined by the following. These 
will be referred to by number. 


MUD 

1. 6.1 per cent by weight of particles having the 
Original size distribution of Sizes B through M. 

2. 6.1 per cent by weight of the calculated maximum 
density distribution of Sizes B through M plus 4.23 gm 
of particle Size M. The extra quantity of Size M was 
required to furnish viscosity. 

3. 4.0 per cent by weight of Size M only. 

4, 6.1 per cent by weight of particles having the 
original distribution of Sizes H through M. 


TABLE 1—RESULTS OF WEDGE-SHAPED SLOT TESTS 


Time for Volume of 
Stable Mud Pumped 


Run Nut Shell Bridge Through 
No. Sample (sec) (gal) Remarks 
1 Random Sack — 16 No bridge formed and no 
pressure held on system 
after test. 
2 — 16 
3 — 16 
4 — 16 
> Maximum Density 43 3 System held 130 psi after 
test. 
6 95 4 
7 105 5 
8 10 0 
9 70 4.5 
10 70 4.5 
11 120 8 
12 135 8 
13 Added 150 grams 45 2 System held 125 psi pres- 


of 12-mesh size to sure after test 


random sack sam- 


ple 
14 — 16 System held 55 psi pres- 
sure after test 
15 — 16 15-psi pressure bled-off in 


30 sec 
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TABLE 2-- SIZE DISTRIBUTION OF AQUAGEL (AFTER JESSEN AND 
UNGAN)}*4 


; Size Range Cumulative Per Cent 
Fraction (microns) by Weight 
B 40 3.76 
G 40 — 20 5.56 
D 20 — 10 8.41 
E 10.81 
F 12.91 
G 15.91 
H 20.42 
| 0.4 — 0.3 29.42 
K 0:15 41.43 
L — 0105 62.46 
M 0.05 99.99 


TABLE 3—PROPERTIES OF MUD SAMPLES 


Initial Gel 10-min Gel 
Plastic Strength Strength 

Sample Viscosity (Ib/100 ft?) (Ib/100 ft?) 
1 25 cp 10 24 
2 15 5 17 
3 6 4 15 
4 20 7 26 
5 W 2 4 


5. 6.1 per cent by weight of the calculated maxi- 
mum density distribution of Sizes H through M. 


After mixing, the flow properties of the mud sam- 
ples were measured with a Fann V-G meter and are 
given in Table 3. 


A standard filtration test was run and repeated using 
Sample 1. Using the same procedure, filtration tests 
were run on Samples 2 and 3. Sample 3 flowed freely 
through the filter paper without depositing a filter cake. 
Filtration curves were drawn for Samples 1 and 2 and 
are shown in Fig. 3. Since the curves become linear, 
for convenience only the first portion of each curve is 
shown. 


A series of filtration tests then were performed using 
sandstone cores as the filter septum. Results of these 
tests are given in Fig. 4. 


DISCUSSION OF FILTRATION STUDY 


FILTER PRESS TESTS 

Two things are immediately apparent from Fig. 3. 
First, the spurt loss of mud Sample 2 is less than that 
of Sample 1. A second difference is the steeper slope 
observed for the filtration of mud Sample 2, Since 
Sample 2 was composed of the calculated maximum 
density distribution of particle sizes, except for Size 
M, this result does not agree with the maximum density 
idea. This verifies prior work showing that the straight- 
line portion of filtration is controlled by the highly- 
hydratable small sizes,* which evidently cannot be treated 
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Fic. 3—FILTRATION CurvEes OF SAMPLES 1 AND 2 
on Fitter Press. 
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as inert particles. It appears, however, that the larger 
sizes (which control the spurt loss) may be treated as 
inert particles since the maximum density mixture ex- 
hibited a reduced spurt loss on filter paper. This con- 
firms the lost circulation results, since lost circulation 
is little more than a “large-scale spurt”. 


CORE SAMPLE TESTS 


A close similarity between the curve shapes was noted 
in all of the core sample tests (Fig. 4). The main dif- 
ference is the spurt loss, which shifts the curves verti- 
cally. 

In Fig. 4, the spurt loss through Cores 1, 2 and 3 
ranges from approximately 2 to 7 cc. These tests were 
conducted with Muds 1 and 2, containing the full range 
of particle sizes from B to M. Mud 2 (maximum density 
sample) was used on Core No. 3, and it is seen that 
filtration through this core had a slightly smaller spurt 
loss than that of mud Sample 1 through Cores 1 and 2, 
but had a steeper slope and, hence, a larger 30-minute 
water loss. This is in qualitative agreement with the 
previously discussed results from the filter-press experi- 
ments; however, the spurt loss difference is quite small. 
Slight variations in pore entry sizes of the cores may 
obscure the effect. The filtration tests of Samples 4 and 
5 against the cores show a high spurt loss, ranging from 
about 15 to 38 cc. This was from two to six times as 
high as the spurt loss obtained from the mud samples 
containing the larger particles. Note from Fig. 4, how- 
ever, that all the curves have substantially the same 
slope once bridging occurs. There was no significant 
difference between the filtration characteristics of mud 
Samples 4 and 5. Therefore, the increased spurt loss 
was essentially due to the deletion of the large particle 
sizes with a negligible contribution from the maximum 
density effect. 


Permeability measurements were made on the core 
samples before and after the tests. In all cases the bulk 
(75 per cent or more) of formation damage occurred 
in the first 0.25 cm, as expected, In general, for a 
given particle size range, the damage depth was less 
for the maximum density mixture. The data were, how- 
ever, scattered and inconclusive.” 


SPECULATIONS 


In rotary drilling, the selection of a drilling fluid 
often involves a considerable compromise between hole 
conditioning and penetration rate. Much penetration- 
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rate reduction has been attributed to the “chip hold- 
down” forces which accompany low-water-loss, high- 
solid-content, high-viscesity, etc., muds, even in “im- 
permeable rocks”. These forces are a consequence of a 
high pressure difference, or more correctly, a high 
pressure gradient across the hole bottom, i.e., the ele- 
ment being drilled.“ It also is well known that beneath 
bit filtration is something quite different from that 
measured by the API test.” Because of the continual 
bit action beneath bit, filtration is better described by 
some early portion of the filtration curve. A high spurt 
mud will clearly result in a reduced pressure gradient 
across bottom, thereby facilitating cutting removal. The 
use of clear water is an example. 


Deletion of “large” particles from colloidal drilling 
muds results in high spurt muds. Once bridging occurs, 
however, the behavior is apparently normal. Thus, it 
appears possible to construct a mud which can satisfy 
hole-conditioning requirements with less sacrifice of 
drilling rate. While this is somewhat conjectural, the 
principle seems sound, although it is realized that con- 
tinual maintenance of such a mud may be difficult, 


Many other possibilities exist for application of the 
Furnas theory. The selection of aggregate for gravel 
packs and, possibly, the sizing of particles for filtration 
control in other wellbore fluids are typical examples. 
The Furnas approach can even be applied to the pack- 
ing of unconsolidated cores for laboratory purposes. 


Because of the limited testing performed, the follow- 
ing conclusions are necessarily restricted to the few 
systems studied. The results are, however, sufficiently 
promising to encourage further work. 


CONCLUSIONS 


1. A maximum density distribution of nut-shell par- 
ticle sizes is more efficient in bridging and sealing a 
wedge-shaped slot than the distribution found in a 
randomly selected sack. 


2. A maximum density distribution of the “large” 
particles in commercial bentonite reduces the initial 
surge or “spurt loss” of a bentonite mud in the standard 
filter press test. 


3. The maximum density theory, which is based on 
inert particles, apparently does not hold for the linear 
portion of the filtration curve of a bentonite mud. 
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Effect of Reservoir Environment 
on Water-Oil Displacements 
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ABSTRACT 


Imbibition and waterflooding tests at reservoir con- 
ditions show that conventional tests at room conditions 
sometimes lead to recovery estimates that are too low. 
Core samples which are of intermediate wettability at 
normal test conditions may be strongly water-wet at 
reservoir conditions. This was found to be true for 
samples from two of three reservoirs investigated. 


For the other reservoir, less difference was observed 
between the wettability of samples at normal test con- 
ditions and at reservoir conditions. Samples which be- 
came more water-wet at reservoir temperature and pres- 
sure also water flooded more efficiently at reservoir 
conditions. These results show that core analysis tests 
on intermediate wettability samples should be performed 
at reservoir conditions to obtain representative data. 


INTRODUCTION 


Throughout the oil industry, core analysis tests nor- 
mally are performed using refined oils and at room 
temperature and pressure. This procedure has always 
been subject to question because the possibility is gen- 
erally recognized that the reservoir environment may 
influence displacement behavior. Burkhardt, et al,’ have 
performed waterflood tests at reservoir conditions on 
East Texas cores. They found little difference between 
results obtained at reservoir conditions and results of 
conventional flooding tests at room conditions. As they 
pointed out, however, this situation might not be gen- 
eral since they obtained data on only one rock and 
crude-oil system. 

This paper presents data which demonstrate that it 
is sometimes necessary to perform core analysis tests in a 
simulated reservoir environment to properly represent 
the reservoir wettability and displacement character- 
istics. The work is specifically concerned with reser- 
voirs which were thought to be of intermediate wettabil- 
ity on the basis of conventional test results at room 
conditions, i.e., core samples imbibed only small amounts 
of either oil or water and exhibited no decided pre- 
ferential wettability characteristics, Tests were performed 
on cores from three such reservoirs to determine their 
behavior in the reservoir environment. 


Original manuscript received in Society of Petroleum Engineers 
office Oct. 17, 1960. Revised manuscript received March 22, 1961. 
Paper presented at the Middle East Regional Meeting of SPE March 
27-29, 1961, in Dhahran, Saudi Arabia and the Seventh Annual 
Rocky Mountain Regional Meeting of SPE May 25-26, 1961, in Farm- 
ington, N. M. 

1References given at end of paper. 


JUNE, 1961 


JERSEY PRODUCTION RESEARCH CO. 
TULSA, OKLA. 


EXPERIMENTAL 


Imbibition and waterflood tests were used to demon- 
strate the effect of reservoir environment on reservoir 
rock wettability and displacement characteristics. Re- 
sults of tests performed at reservoir conditions were 
compared with results from conventional tests. Imbibi- 
tion tests were performed on samples from all three 
reservoirs. Waterflood tests were performed on samples 
from only one reservoir. 


Fluid properties for the three reservoirs studied are 
shown in Table 1. Tests at reservoir conditions were 
performed using bottom-hole crude oil at reservoir 
temperature and pressure. The aqueous phase used in 
these tests was a synthetic brine approximating the 
reservoir brine composition. Conventional tests were 
performed at room conditions with refined oils and 
synthetic reservoir brine. The oil-to-water viscosity 
ratios were adjusted to the reservoir values. 


The cores used in all the tests were taken from the 
reservoirs using either brine alone or a bentonite-car- 
boxymethylcellulose mud without additives as coring 
fluids, Previous tests show that these fluids have no 
significant effect on the wettability of reservoir rock 
samples.” The cores were preserved in brine at the 
wellsite to prevent wettability changes during shipment 
and storage. Wellsite imbibition tests have been per- 
formed on fresh samples from several reservoirs (in- 
cluding Reservoir A) and compared with later labora- 
tory imbibition tests on samples preserved in brine. 
The comparison showed that the wettability of the 
preserved cores was the same as that of fresh, surfaced 
cores at the wellsite.* 


IMBIBITION TESTS 

Conventional imbibition tests were performed on pre- 
served cores using the apparatus and procedures de- 
scribed by Bobek, et al.’ 

A sketch of the apparatus for imbibition tests at 
reservoir conditions is shown in Fig. 1. The preserved 
samples were first centrifuged to expel excess water and 
then placed in a stainless-steel container which served 


TABLE 1—FLUID PROPERTIES AT RESERVOIR CONDITIONS 


Reservoir A Reservoir B Reservoir C 


Temperature (°F) 206 160 194 
Pressure (psia) 2,600 2,630 2,920 
Crude-Oil Bubble Point (psia) 1,830 307 314 
Crude-Oil Viscosity (cp) 5i7. 2.36 


Brine Viscosity (cp) 0.39 0.52 
Brine Salinity (ppm)* 235,000 170,000 42,000 


*Total dissolved solids expressed as equivalent parts of NaCl. 
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as the imbibition cell (Fig. 1). Then this cell was 
evacuated to remove the air, and bottom-hole crude oil 
under high pressure was flashed into it. By maintaining 
the pressure on the crude oil above the bubble point, 
it was possible to fill the cell and saturate the samples 
with bottom-hole crude oil with no free gas present. 
While the system was at reservoir pressure but still at 
room temperature, excess oil surrounding the samples 
was rapidly displaced by brine at reservoir pressure. 
The system was then heated to reservoir temperature. 
Reservoir pressure was continually maintained on the 
brine supply which was connected to the bottom of the 
imbibition cell. Periodically, oil displaced by water 
imbibition was flushed from the top of the imbibition 
cell and measured. 


When imbibition ceased, the pressure on the system 
was gradually reduced. Oil produced from the core 
samples during this pressure reduction was measured 
in the same way imbibition oil production was meas- 
ured. Then, after cooling, the core samples were ex- 
tracted to determine final fluid saturations. With this 
information, together with produced oil measurements 
and knowledge of the oil shrinkage characteristics, it 
was possible to calculate the quantity of water imbibed 
during the test. 


WATERFLOOD TESTS 

A conventional waterflood test was first pertormed 
on the sample at room temperature and pressure using 
refined oils. Then a flood was performed on the same 
sample with crude at reservoir conditions. The apparatus 
for waterflood tests at reservoir conditions is shown in 
Fig. 2, The flocding cell is very similar to the conven- 
tional Hassler sleeve-type cell, although it is of heavier 
construction than normal to withstand higher pressures. 
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After the conventional water flood, the preserved sample 
was flushed with bottom-hole crude oil at reservoir 
temperature and pressure, and then water flooded at 
reservoir conditions. After this flood, the sample was 
cooled, de-pressured and extracted to determine final 
fluid saturations. From these data and the fluid produc- 
tion during the tests, it was possible to calculate fluid 
saturations at any particular stage of either the conven- 
tional flooding test or the test at reservoir conditions. 


Waterflood tests also were performed on a preserved 
aquifer sample from Reservoir A. The aquifer cores 
initially contain no crude oil and are strongly water- 
wet. Two flooding tests were performed on the aquifer 
sample. First a test was performed at reservoir con- 
ditions using bottom-hole crude. Then, after cooling 
and de-pressuring the sample to simulate surfacing 
operations, a conventional waterflood test was performed 
at room conditions with a refined oil. The purpose of 
these tests was to find out if core surfacing could 
change the wettability of a sample from strongly water- 
wet to the intermediate wettability exhibited by pre- 
served oil-zone cores. 


RESULTS 


IMBIBITION TESTS 

The imbibition test data summarized in Table 2 
show that rock samples from two of the three reservoirs 
which have intermediate wettability characteristics at 
surface conditions became strongly water-wet at reser- 
voir conditions. This means that core analysis tests on 
such samples should be performed at reservoir con- 
ditions to represent the true reservoir wettability. It 
also means that there probably are more strongly water- 
wet reservoirs and fewer intermediate wettability reser- 
voirs than previously believed. 


At room conditions, samples from all three reservoirs 
imbibe only from 3 to 8 per cent pore volume of water. 


TABLE 2—WATER IMBIBITION AT RESERVOIR CONDITIONS 


Sample Rock Permeability 
No. Type (md) 
Reservoir A 
1 Dolomite 175 
2 Limestone 127 
3 Limestone 63 
Reservoir B 
1 Sandstone 3000** 
Sandstone 3000** 
Reservoir C 
1 Dolomite 9.3 
2 Dolomite 11.8 
Limestone 0.3 


Porosity Water Saturation (per cent Vp) Water Imbibed 
(per cent) Inifial Final (per cent Vp) 
aes} 10 52 42 
15.2 15 70 55 
12.9 16 69 53 
Average 50 (8)* 
28.1 6 72 66 
25.4 7 74 67 
Average 67 (7) 
6.3 35 52 Zi 
6.1 35 45 10 
9.7 51 


11 
Average 13 (3) 


*Numbers in parentheses indicate average amount of water imbibed by preserved samples at room conditions. 
**Not measured, Estimated on the basis of previous measurements on other samples. 
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On this basis, these reservoirs would be classified as 
slightly water-wet.’ Actually, rock samples from Reser- 
voir B also imbibe about 6 per cent pore volume of oil 
at room conditions, so that this reservoir appeared to 
be dual-wet (imbibes both oil and water). At reservoir 
conditions, samples from Reservoirs A and B imbibed 
about 50 and 67 per cent pore volume of water, re- 
spectively. Thus, these two reservoirs must now be 
classified as strongly water-wet. In the case of Reser- 
voir C, a relatively small increase in water imbibition 
was Observed at reservoir conditions. On this basis, 
Reservoir C is still believed to be slightly water-wet. 
However, the possibility cannot be ruled out that this 
reservoir is also strongly water-wet and that wettability 
changes may occur during surfacing of the cores which 
cannot be reversed by subjecting the cores to the reser- 
voir environment. 


WATERFLOOD TESTS 

Results of waterflood tests on preserved samples from 
the oil zone of Reservoir A are summarized in Table 3. 
Oil saturations in per cent of pore volume are compared 
for tests at room and reservoir conditions after the 
injection of one pore volume of water, In field practice, 
water floods seldom are carried beyond this quantity of 
injected water. Oil recoveries in per cent of original 
oil in place also are compared at this same flooding 
stage. Tests on five samples at room conditions showed 
an average recovery of 39 per cent of the original oil 
in place. The average recovery for the same samples at 
reservoir conditions was 55 per cent of the original oil 
in place. The difference between these two numbers 
represents a drastic change in oil-reserve estimates for 
Reservoir A. 


The curves in Fig. 3 also demonstrate the marked 
difference between flooding behavior at normal test con- 
ditions and at reservoir conditions for a typical oil-zone 
sample from Reservoir A. The flooding curve for the 
conventional test is representative of fresh or preserved 
slightly water-wet surfaced cores, Water breakthrough 
occurs early in the flood, and oil displacement efficiency 
is poor. In the test at reservoir conditions, much more 
oil is recovered at water breakthrough, and residual oil 
saturations are much lower after breakthrough. This 
latter behavior is representative of strongly water-wet 
cores and implies that the samples are strongly water- 
wet at reservoir conditions. From the figure, it is obvious 
that estimates of waterflood oil recovery for this reser- 
voir will be much greater on the basis of tests at reser- 
voir conditions than on the basis of conventional test 
results. 


Waterflooding curves for the aquifer sample are 
shown in Fig. 4. The test at reservoir conditions shows 
efficient oil displacement and gives results similar to 
those usually obtained in conventional tests on these 
strongly water-wet cores. However, after simulated sur- 
facing of the sample, the conventional waterflood test 
shows poor oil displacement efficiency and is typical 
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of surfaced slightly water-wet, oil-zone cores. These 
results, together with results obtained on the oil-zone 
cores, leave little doubt that Reservoir A is strongly 
water-wet but that surfaced cores will be slightly water- 
wet. 

The present work demonstrates that rock samples 
that have intermediate wettability characteristics at sur- 
face conditions may become strongly water-wet in the 
reservoir environment. It should be pointed out that the 
three reservoirs studied are high-temperature and high- 
pressure reservoirs. For low-temperature, pressure-de- 
pleted reservoirs, there is much less difference between 
the environment in the reservoir and at the surface. In 
such case, it is reasonable to expect that pronounced 
differences in wettability between reservoir and surface 
conditions would be less likely. 


Individual effects of temperature, pressure and fluid 
composition on rock wettability were not studied. Thus, 
the reason why cores from Reservoirs A and B become 
less water-wet when they are surfaced cannot be at- 
tributed to a definite factor. However, it is known that 
reservoir rocks can become less water-wet by adsorbing 
certain crude-oil components on the walls of the rock 
pores.”* It is reasonable to assume that, in many in- 
stances, the preferential adsorption of such material 
will decrease with temperature and possibly with the 
pressure of the system. Thus, a rock which is strongly 
water-wet at reservoir conditions may become slightly 
water-wet at surface conditions because of increased 
adsorption of oil-wetting components at the lower temp- 
erature and pressure. If the adsorption is reversible, 
these rocks may again become strongly water-wet if 
their initial reservoir environment is re-established. This 


TABLE 3—-WATERFLOOD TESTS ON PRESERVED SAMPLES FROM RESERVOIR A (OIL-ZONE CORES) 


Oil Saturation (Per Cent Vp)* Recovery at 1 Vp* 


Gore Core Permeability Room Reservoir Per Cent OOIP 
No. Type (md Initial 1 Vp* Initial 1 Vp* Room Reservoir 
4 Limestone 44 84 50 83 37 4) 55 
5 Limestone 429 89 58 87 43 35 51 
6 Limestone 148 84 57 93 40 32 57 
7 Limestone 11 79 4l 83 35 48 58 
8 Dolomite 145 90 ay/ 92 45 37 51 
Average 85 53 88 40 39 55 
*1 Vp = Flooding stage at which one pore volume of water has been injected. 
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is a possible explanation of the behavior of rock samples 
from Reservoirs A and B. 


CONCLUSIONS 


The present work is concerned with reservoirs which 
were thought to be of intermediate wettability on the 
basis of conventional tests. Consequently, the results 
should not be construed as a recommendation to per- 
form all core analysis tests under reservoir conditions. 
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Core samples that are strongly water-wet in conven- 
tional tests may show no significant changes in wettabil- 
ity when subjected to the reservoir environment. 


With regard to core samples that exhibit intermediate 
wettability characteristics in conventional core analysis 
tests, the following conclusions can be drawn from 
the present work. 

1. The reservoir environment can be an important 
factor in water-oil displacements. Core samples which 
were of intermediate wettability at surface conditions 
were found to be more strongly water-wet and to water 
flood more efficiently at reservoir conditions. This points 
out the need for performing core analysis tests on such 
samples at reservoir conditions. 


2. Since rock samples tend to be more water-wet at 
reservoir conditions than at surface conditions, certain 
reservoirs now thought to be of intermediate wettability 
may, in fact, be strongly water-wet. 


3. More research is needed to isolate the individual 
effects of temperature, pressure and fluid composition 
on the wettability and displacement behavior of reser- 
voir rocks. 
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ABSTRACT 


This paper presents information on the use of a new 
propping agent (malleable aluminum particles) which 
has been used successfully for producing high-conduc- 
tivity fractures. 


The conductivity of a packed fracture depends on 
the width of the fracture as well as the permeability of 
the propping material. It is significant that the flow ca- 
pacity of a propped crack is often increased many fold 
by propping the crack with a sparse distribution of 
particles. However, the flow capacity of a sparsely 
propped crack can be limited by two phenomena: (1) 
crushing of the propping particles, and (2) embedment 
of the propping particles in the formation walls. 

Malleable aluminum particles exhibit interesting prop- 
erties which tend to overcome these limitations. As high 
loads are applied to the particles they will deform 
slightly, rather than shattering. The deformation results 
in a greater bearing area against the formation wall. 
This reduces the stress on the particle and reduces par- 
ticle penetration into the formation. 

The behavior of aluminum particles under load and 
the bearing capacities of serveral formation rocks have 
been measured in the laboratory. By properly using these 
data, as explained in this paper, the flow capacities of 
aluminum-propped cracks can be calculated for a variety 
of conditions. 

Aluminum particles have been used successfully in 
the field to prop fractures. Where high-conductivity 
fractures were needed, the aluminum-propped fractures 
have given greater well stimulation than could have 
heen expected for conventional fracturing processes. 


INTRODUCTION 


The purpose of a hydraulic fracture treatment is to 
create a conductive channel from the wellbore out into 
the oil or gas formation. The word conductive is em- 
phasized because we believe that the fracture conduc- 
tivity (flow capacity) is one of the most important fac- 
tors influencing fracturing results. 

Previous papers””*’” have pointed out the additional 
well stimulation that can sometimes be achieved by in- 
creasing fracture conductivity. Several years ago, we 
investigated in some detail the effect of fracture con- 
ductivity on productivity increases to be expeced from 
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vertical fractures. Both electrical analog and theoretical 
studies of unsteady-state flow behavior were made. A 
discussion of the electrical analog equipment and some 
of the results of the study were given in a previous 
paper* by Dyes, Kemp and Caudle. Further details were 
given recently by McGuire and Sikora.’ 

Fig. 1 shows the remarkable influence of relative 
fracture flow capacity and length on well stimulation. 
Briefly, the study indicates the following. 

1. High-permeability formations require high-con- 
ductivity cracks for best results. 


2. The longer the crack, the higher the fracture con- 
ductivity required for best results. 


3. If the conductivity of the crack is very large com- 
pared to the formation (i.e., flow is not being limited by 
crack conductivity), then the longer the fracture, the 
better will be the results. 


Judging from recently published articles,”’* there is 
current interest in methods for obtaining high fracture 
conductivities. Hence, we would like to present in this 
paper a discussion of a new fracture propping process 
(use of aluminum particles”) which we have used suc- 
cessfully to obtain highly conductive fractures. 


There are several factors which influence the con- 
ductivity of a propped crack. Conventional fracturing 
techniques frequently result in a crack completely 
packed with fracturing sand. For such conditions, the 
crack conductivity is the product of the width of the 
packed fracture and the permeability of the propping 
material. It is significant that a large increase in con- 
ductivity sometimes can be obtained by propping with 
particles which are distributed sparsely (less than a 
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fully packed, single layer). Although the final width 
of the crack may be less for the sparse distribution, the 
fluid can flow much more easily around the sparsely 
distributed propping particles than it could through a 
full pack of particles. 

An important factor that must be considered in all 
cases is the effect of load on the final conductivity. As 
the fracturing fluid leaks off after a fracturing job, the 
walls of the formation tend to close back together and 
are literally held apart by the propping material. 


This results in a large pressure or stress on the prop- 
ping material. Three things may happen which would 
reduce the crack conductivity. 

1. The propping material itself may shatter, giving a 
lower conductivity. 

2. The particles may not shatter, but they may sink 
into the formation wall to some extent, allowing the 
crack to become narrower and therefore less conduc- 
tive. 

3. Particles may become closely packed together (for 
example, concentrating because of fluid leak-off) and, 
thus, appreciably interfere with fluid flow. 


Malleable aluminum particles exhibit interesting prop- 
erties which tend to overcome propping limitations. As 
high loads are applied to sparsely placed particles, they 
will deform slightly rather than shatter. The deforma- 
tion results in a greater bearing area against the forma- 
tion wall. This reduces the average stress under the 
particle and, therefore, reduces particle penetration into 
the formation. In general, aluminum has sufficient 
strength to permit propping with a sparse array of 
particles, and this leads to very high conductivities. 
These points will be discussed further in this paper. 


BEHAVIOR OF ALUMINUM PARTICLES 
UNDER LOAD 


First consider the behavior of aluminum particles 
under load, (Later, we will combine this information 
with rock bearing capacity data to estimate conductivi- 
ties of propped fractures.) 

Aluminum particles used are available in several sizes 
and are nearly spherical. Experiments have shown, how- 
ever, that with sufficient deformation between parallel 
plates, the particles will yield to form nearly uniform 
cylinders or disks. The remainder of this paper will deal 
with particles which have deformed to the cylindrical 
shape (deformed thickness < 0.5 unmashed diameter). 

If the mass of aluminum present per unit area is 
known, then the average stress under each resulting disk 


is easily calculated by Eq. 1. 
Force/Particle N olp 


Bearing Area/Particle MN 


Tp 
where S = average stress under each particle (psi), 
ao = average stress applied by the fracture face 
(psi), 
T = thickness of the disk (in.), 


p = particle density = 0.098 lb/in.* for alumi- 
num, 


M = average mass per particle (lb), and 


N = number of particles per unit area of fracture 
face (No./in.’). 


The average mass per particle for several size ranges 
is shown on Fig. 2. 

There are two reasons why the average stress on the 
aluminum disk will not be constant as the particle de- 
forms, First, the compressive strength of aluminum in- 
creases as the strain increases because of work harden- 
ing.’ Second, as the diameter of the cylinder becomes 
large compared with its thickness, friction between the 
ductile material and the bearing plate will cause con- 
siderable distortion of the yielding material. The in- 
creased distortion increases the resistance to deforma- 
tion. Nadai,* for instance, discusses data showing the 
distortion of ductile metal when compressed between 
hard parallel plates. It would appear reasonable that 
the ratio of diameter to thickness of the disk would be a 
measure of the distortion and strain hardening—hence, 


this (7) ratio should be a measure of the average stress 
that the aluminum disk can support; i.e., strength 


should correlate with (+): 


Several sizes of aluminum particles have been pressed 
between cemented tungsten-carbide plates. The maxi- 
mum stresses that the particles could support are plotted 


D 
vs the resultant (2) ratio on Fig, 3. This figure shows 


that the data can be represented approximately by a 
straight line. Combining the straight-line equation with 
Eq. 1 yields Eq. 2. 
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where a = an empirically determined constant. 


It is convenient to re-arrange Eq. 2 so that T can 
be represented explicitly. Eq. 3 results from this re- 
arrangement. 


OL 4M 
MN 


1/5 
oO 


where a, a’ = constants. 


2 


A re-plot of the aluminum deformation data{ 7 vs ) 


is shown in Fig. 4. This figure gives a convenient graphi- 
cal method for estimating the thickness of aluminum 
disks resulting from mashing of particles between paral- 
lel plates. The dashed lines on this figure show early 
deformation behavior before disk shapes have been 
completely achieved. 


PENETRATION INTO FORMATION ROCKS 


Now let us see what will happen when disk-shaped 
particles are pressed into formation rocks. Fig. 5 shows 


a sketch of equipment which was used to press cylindri- 
cal steel dies into rocks. The dies were made from 
¥Yg-, 3/16- and %-in. diameter hardened tool steel. 
Relative movement of a die into a rock sample was 
transmitted through a yoke to a dial gauge. The pene- 
tration into the rock was measured to the nearest 
hundred-thousandth of an inch. The equipment initially 
was Calibrated by pressing the die between cemented 
tungsten-carbide: blocks to measure the elastic strain of 
the equipment. This elastic strain was subtracted from 
later dial-gauge readings to give actual rock penetra- 
tions. Short-term penetration data for several rock sam- 
ples are shown on Fig. 6. It is interesting to note that, 
for a given rock, the ratio of penetration to diameter of 
the die was a unique function of the average stress 
under the die. This is similar to results reported by 
Terzaghi’ for formation-bearing capacities of various 
types of soil. The effect of time on depth of penetra- 
tion has not yet been fully evaluated. 


CONDUCTIVITIES OF ALUMINUM- 
PROPPED CRACKS 


Now that we have discussed the behavior of aluminum 
particles under load and the amount of penetration into 
fracture walls, we are in a position to devise an engi- 
neering method for estimating conductivities of cracks 
propped with aluminum particles. 


In a typical treatment, the aluminum particles are 
mixed with a suspending fluid and pumped into the 
fracture, After injection has stopped, the fluid con- 
tinues to leak off, thus allowing the formation walls to 
come back together. As the walls come together, they 
first touch the particles, gripping them in place. Then, 
as the walls continue to close, the particles are mashed 
into disks. At the same time, the disks are pushed into 
the formation walls for some distance. If the job is 
properly designed, there will still be an open conduc- 
tive channel when all the formation stress has been 
applied to the particles. Fig. 7 is a sketch showing a 
crack propped open with aluminum particles. 


Estimation of the conductivity obtained by aluminum 
propping requires four steps. 


DASHED CURVES SHOW INITIAL DEFORMATIONS 5210 
2 OF SPHERES BEFORE DISK SHAPES HAVE BEEN an i nee 
COMPLETELY ACHIEVED — —| — tlle 
4 it 
PTT | 
2 
57001 M= POUNDS MASS PER PARTICLE 
= N = NUMBER PARTICLES PER SQUARE INCH 
@=FORMATION STRESS, PSI 
n 
w 
z 
=z 
io" 107° 10 10 10 10 
MEN? 
Fic. 4—Tuickness oF ALUMINUM DISKS vs PARAMETER. 
oO 
585 


JUNE, 1961 


| 


DIAL GAUGE 
ATTACHED TO 
TOP PLATEN 


FLOATING 


wa 


TOP PLATEN 
ome 
CEMENTED TUNGSTEN | ROCK SAMPLE 


HARDENED 
STEEL DIE 
BOTTOM PLATEN 


PRESSURE APPLIED TO 
BOTTOM PLATEN 


CARBIDE BLOCK 


HYDRAULIC PRESS—» 


Fic 5—SxKetcu or Equipment Usep To Optain 
PENETRATION Data. 


1. Determine the number of particles per square inch 
of fracture face. 

2. Determine the thickness of the resulting alumi- 
num disks. 

3. Determine the penetration into the formation walls. 

4. Calculate the conductivity resulting from the 
propped width. (The propped width, of course, is equal 
to the total thickness of the aluminum disks minus the 
penetration into both formation walls.) 


Consider these steps in more detail. The concentra- 
tion of aluminum in suspending fluid and the amount 
of leak-off determine the number of particles per unit 
area of propped fracture face. When leak-off is low, 
the number of particles per square inch can be calcu- 
lated from Eq. 4. 


(No. of Particles) (Mass per Particle) 


(Volume of Crack When Particles are Gripped) 
= Concentration of Particles. 


NM (231 cu in./gal) __ pounds of aluminum | 


das total gallons 


where N = number of particles per square inch of 
propped fracture, 
C = concentration of aluminum (lb/gal), 


dinax = Maximum diameter of unmashed alumi- 
num particles (in.), and 


average mass per aluminum particle (lb). 


M 


The average thickness of the resulting aluminum 
disks can be determined from Fig. 4. 

The penetration into the formation wall can be de- 
termined from laboratory data similar to that shown 
in Fig, 6. The average stress under each aluminum 
particle can be calculated by Eq. 1. The penetration 
into one fracture face is then determined from Eq. 5. 


= (3) (D). 


For cylinders, 


Therefore, 
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where 8 = penetration into one fracture face (in.), 
and 


—= dimensionless penetration evaluated at the 


D calculated stress. (See Fig. 6.) 


The conductivity of the propped crack can now be 
calculated from Eq. 6. (See Appendix for derivation. ) 


NM \* 
= 
kW = = 0.098 T = 


(6) 


where k,W = propped crack conductivity (md-in.), and 
c evaluated from Fig. 8. 


In this equation, the propped width is recognized as 
equal to the thickness of the aluminum disks minus the 
total penetration. into both formation faces. This equa- 
tion also takes into account the resistance to flow caused 
by the presence of the aluminum particles in the 
propped crack. 


Fig. 9 shows a sketch of equipment used to measure 
conductivity of sparsely propped cracks, Plates of for- 
mation rock were set in metal rings with a low-melting 
alloy. With the propping material in place between the 
plates, the desired formation stress was applied with a 
hydraulic press. Mineral oil was then pumped through a 
central inlet tube in the top plate, Crack conductivities 
were calculated from the steady-state radial flow equa- 
tion using pressure-drop and flow-rate data. The range 
covered experimentally was 7 to 20 mesh particle sizes 
and stresses from 1,000 to 12,000 psi. 


Conductivities calculated from Eq. 6 are compared 
with some typical experimentally measured conductivi- 
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ties in Fig. 10. The agreement appears to be satisfac- 
tory for design purposes. We believe that Eq. 6 can be 
used with confidence for estimating crack conductivities 
for a variety of conditions. 


FIELD TESTS 


Aluminum pellets have been used in the field many 
times as a propping material for fractures. Information 
about two of the treatments is discussed in following 
paragraphs. 

One of the wells treated was completed with 5 ft of 
perforations in the Maquoketa formation at 3,438 ft. 
The well previously had been treated with 2,000 gal of 
acid and previously was fractured with 5,000 Ib of 20-40 
mesh sand in 5,000 gal of heavy oil. These previous 
treatments had resulted in an improvement in produc- 
tivity. The well later was re-fractured with 17,500 lb 
of 20-40 sand in 20,000 gal of oil followed by 500 Ib 
of 8-12 mesh aluminum carried in 5,000 gal of gelled 
fracturing oil. The average pump rate was about 32 
bbl/min. The re-fracture job resulted in a sustained 
threefold increase in productivity. For a similar re- 
fracture treatment without aluminum propping particles, 
we would have expected no more than a 60 or 70 per 
cent sustained increase in productivity. 

It may appear surprising that such a small quantity 
of aluminum could have been expected to contribute to 
the success of the job. At the injected concentration, 
however, the aluminum would have propped a vertical 
fracture 100-ft high extending 150 to 200 ft from two 
sides of the wellbore (30,000 to 40,000 sq ft of fracture 
area). The resulting crack conductivity would have 
been about 1.4 < 10° md-in. The effect of such a frac- 
ture on productivity can be estimated from Fig. 1. 


For this particular well, the formation permeability 
was about 10 md and the drainage area was 40 acres. 
Hence, with aluminum propping, 


and 


150 200 


Fig. 1 shows that the expected P.I. ratio after fractur- 
ing with aluminum was about 4.3 to 4.7. (The term 


In 0.472 r./r. 
For 20-40 mesh sand (permeability = 1.4 < 10° md) 


is unity for this example. ) 
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ud a would have been about 
k A 

1.8 < 10°. For the same length of fracture, the ex- 

pected P.J. ratio with sand would have been about 2.5. 
The previous fracture job resulted in about a 1.5 in- 

crease in productivity. Hence, the second fracture job 


and a %-in. crack, 


with aluminum should have resulted in about ( 73) to 


4.7 
20-40 mesh sand alone, the improvement would have 


) , or about a threefold improvement. With a 


f 


been about (=). or about 60 or 70 per cent increase. 


In another recent trial of aluminum propping, the 
treated well was completed with a total perforated in- 
terval of 30 ft in the Wilcox formation at about 7,100 
ft. The well had not been acidized or fractured previ- 
ously. The well was fractured with 13,000 Ib of 40-60 
mesh sand carried at % Ib/gal in an emulsion fluid. 
This was followed with 4,500 lb of 12-16 mesh alumi- 
num carried in 2,500 gal of emulsion, Pump rates dur- 
ing the treatment were about 5% bbl/min. The treat- 
ment resulted in a five- to sixfold improvement in pro- 
ductivity. This is about two to three times the improve- 
ment that would have been expected if the aluminum 
had not been used. 

We have sometimes used sand in conjunction with 
aluminum for two reasons. 


1. A desired well stimulation sometimes can be 
achieved at a lower cost by using sand ahead of the 
aluminum rather than using aluminum alone. 

2. In other cases, this combination will offer a margin 
of safety. If the aluminum does not perform as ex- 
pected (e.g., if the particles do not enter the fracture, 
if the particles sink into the formation farther than ex- 
pected, or if there is an inadvertent overflush of the 
particles), then the well stimulation will be at least as 
great as for a conventional fracturing process. If the 
aluminum behaves as desired, the sand will not inter- 
fere unduly with the increased stimulation. 
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Fic. or EQurIPMENT FOR MeAsuRING CONDUCTIVITIES 
OF SPARSELY PROPPED CRACKS. 


SUMMARY AND CONCLUSIONS 


This study has shown that high fracture conductivi- 
ties can be obtained by propping cracks with malleable 
aluminum particles. 


An engineering method has been devised for esti- 
mating crack conductivities under a variety of condi- 
tions. Calculated conductivities have been compared 
with experimentally measured conductivities and found 
to be in good agreement. 


Aluminum particles have been used many times in 
field treatments. Where high-conductivity fractures were 
needed, the aluminum-propped fractures have given 
greater well stimulation than could have been expected 
for conventional fracturing processes. 


NOMENCLATURE 


a, a’, c’ = constants 
A = well spacing, acres 
c =a proportionality factor in the Kozeny- 
Carman equation (Eq. 6) (See Fig. 8.) 
C = concentration of aluminum, 1lb/gal 


dno — Maximum diameter of uncrushed aluminum 
particles, in. 


D = diameter of crushed aluminum disks, in. 
J = productivity index after fracturing 
J, = productivity index before fracturing 
k = permeability, md 
k,W = propped crack conductivity, md-in. 
L = length of vertical fracture from wellbore, ft 
M = average mass of an aluminum particle, lb 


N = number of particles per unit area of frac- 
ture face, No./in.’ 


r, = well drainage radius, ft 
r» = wellbore radius, ft 


s = total surface area exposed per volume of 
propping material contained between frac- 
ture faces, in.~ 


FRACTURE CONDUCTIVITY, md.-in. 


SOLID LINES CALCULATED BY EQUATION (6) | 


L—A,xX,O=EXPERIMENTALLY MEASURED 
Se 

5 1000 2000 3000 


FORMATION STRESS, PSI 


Fic. 10—ComparIsoN OF CALCULATED AND EXPERIMENTAL CON- 
DUCTIVITIES FOR CRACKS SPARSELY PROPPED WITH ALUMINUM. 


S = average stress under a crushed aluminum 
disk, pst 

T = thickness of aluminum disks, in. 

W = propped width of fracture 

8 = penetration of an aluminum disk into a for- 
mation wall, in. 

p = density of aluminum = 0.098 1b/in.* 

o = average stress applied by the fracture face, 
psi 

¢ = fraction porosity of a propped creck 


lI 
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APPENDIX 


DERIVATION OF THE CONDUCTIVITY 
EQUATION 


In a recent paper' the Kozeny-Carman equation was 
used to estimate the effect of porosity on the conduc- 
tivities of sparsely propped cracks. A similar approach 
has been used to estimate conductivities of aluminum- 
propped cracks, Eq. A-1 gives the Kozeny-Carman 
equation shown by Darin and Huitt to be suitable for 
sparsely propped cracks. 

where 


k = permeability, 


= fraction porosity, 
c’ = an empirical constant, and 
s= total surface area exposed 


(volume of propping material contained 
between fracture faces) 


For the case of aluminum propping, we can write 
Eq. A-2. 

_ NM 

The total surface area per unit volume of propping 

material contained between fracture faces is given by 


(A-2) 


Eq. A-3. 
2(1 aDN(T — 28) 
s= 3 
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—— (T — 28) 
p 


Multiplying both sides of Eq. A-l by the propped 

width (T — 26) and then substituting in Eq. A-2 and 
A-3 yields Eq. A-4. 


2)°(1 =) 


Tp \ 
Equation A-4 can be simplified somewhat as shown 
by Eq A-5, (Note that Eq. A-5 is the same as the final 
Eq 6 given in the text of this paper.) 


kW = 


2)'(1 


0.098 T 


If T and 6 are held constant and M is allowed to 
approach zero, the equation reduces to that giving the 
conductivity of an open crack. Therefore, as the con- 
centration of solid material in the crack approaches 
zero, c approaches 5.48 < 10” (see Muskat'). Fig. 8 
shows experimentally determined values of c at various 
concentrations of solid material in the crack, Fig. 8 
also shows an average value for the constant proposed 
by Darin and Huitt’ for similar conditions. tok 
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Natural Gas Hydrates at Pressures to 10,000 psia 


HARRY O. McLEOD, JR. 
JOHN M. CAMPBELL 
MEMBER AIME 


ABSTRACT 


This paper presents the results of the data obtained 
in the first stage of a long-range study at high pressures 
of the system, vapor-hydrate-water rich liquid-hydro- 
carbon rich liquid. The data presented are for the three- 
phase systems in which no hydrocarbon liquid exists. 
Tests were performed on 10 gases at pressures from 
1,000 to 10,000 psia. One of these was substantially 
pure methane, and the remainder were binary mixtures 
of methane with ethane, propane, iso-butane and normal 
butane. 


Several conclusions may be drawn from the data. 


1. Contrary to previous extrapolations, the hydro- 
carbon mixtures tested form straight lines in the range 
of 6,000 to 10,000 psia which are parallel to the curves 
for pure methane, when the log of pressure is plotted 
vs hydrate formation temperature. 


2. The hydrate formation temperature may be pre- 
dicted accurately at pressures from 6,000 to 10,000 psia 
by using a modified form of the Clapeyron equation. 
The total hydrate curve may be predicted by using the 
vapor-solid equilibrium constants of Carson and Katz’ 
to 4,000 psia and joining the two segments with a 
smooth continuous curve between 4,000 and 6,000 psia. 


3. The use of gas specific gravity as a parameter in 
hydrate correlations is unsatisfactory at elevated pres- 
sures. 


4. The hydrate crystal lattice is pressure sensitive at 
elevated pressures. 


INTRODUCTION 


Prior to 1950 many studies had been made of the 
hydrate forming conditions for typical natural gases to 
pressures of 4,000 psia.*""*** Most of these attempted 
to correlate the log of system pressure vs hydrate for- 
mation temperature, with gas specific gravity as a para- 
meter. One of the more promising correlations was 
made by Katz, et al,’ which utilized vapor-solid equili- 
brium constants. The only published data above 4,000 
psia are those of Kobayashi and Katz' for pure methane 
to a pressure of 11,240 psia. In the intervening years, 
most published charts for the high-pressure range have 
represented nothing more than extrapolations of the 
low-pressure data, with the methane line serving as a 
general guide. The reliability of these charts has become 


Original manuscript received in Society of Petroleum Engineers 
office Aug. 5, 1960, Revised manuscript received April 8, 1961. Paper 
Prerenved at 35th Annual Fall Meeting of SPE, Oct. 2-5, 1960, in 

enver. 


1References given at end of paper. 
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increasingly doubtful (and critical) in our present tech- 
nology as we handle more high-pressure systems. 

The portion of our high-pressure hydrate research 
program reported here was designed to: (1) investigate 
the reliability of existing charts; (2) obtain actual data 
on gas mixtures to 10,000 psia; and (3) develop a 
simple hydrate correlation that was more reliable than 
those which simply used specific gravity as a parameter. 

Binary mixtures of methane and ethane, propane 
normal butane, or iso-butane were injected into a high- 
pressure visual cell containing an excess of distilled 
water. Hydrates were formed and then melted to ob- 
serve the decomposition temperature of the hydrates at 
pressures from 1,000 to 10,000 psia. 


EQUIPMENT 


The equipment consisted of a Jerguson 10,000-Ib 
high-pressure visual cell, a 10,000-lb high-pressure 
blind cell and a Ruska 25,000-lb pressure mercury 
pump. The visual cell was placed in a constant-temp- 
erature water bath controlled by a refrigeration unit 
and an electric filament heater. A Beckman GC-2 gas 
chromatograph was used in analyzing the gas mixtures 
after each run was completed. 


EXPERIMENTAL PROCEDURE 


After evacuating the gas system, the heavier hydro- 
carbon was injected into the high-pressure mixing cell 
to that pressure necessary to give the desired compo- 
sition. This cell then was pressured to 1,100 to 1,200 
psia by methane from a high-pressure cylinder. The 
mixing cell holding the gas contained a steel flapper 
plate and was shaken intermittently over a period of 15 
minutes. After mixing, the valve to the high-pressure 
visual cell containing excess distilled water was opened, 
and the gas mixture was allowed to flow into the cell. 


The temperature in the water bath was lowered 10° 
to 15°F below the estimated hydrate decomposition 
point. As a first check, the temperature was increased 
at a rate of 1°F every six minutes to find the approxi- 
mate point of decomposition. It was again lowered 1.5° 
to 5°F to form hydrates. The temperature was raised 
to within 1° of the estimated decomposition point and 
then increased 0.2°F every 10 to 15 minutes until the 
hydrates decomposed, This procedure was repeated at 
various pressures to obtain 7 to 13 points for each 
mixture between 1,000 and 10,000 psia. After comple- 
tion of the hydrate decomposition tests, the gas mixture 
composition was analyzed with a calibrated gas chroma- 
tograph. These gas analyses have an estimated error 
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EXPERIMENTAL RESULTS 


Data were obtained on the gases shown in Table 1. 
Table 2 summarizes the experimental data which have 
permissable errors of + 0.2°F and + 50 psia, based on 
the temperature measurements and the accuracy of the 
25,000-psig Heise gauge. 

Up to 4,000 psia, our data generally confirmed earlier 
published results except for the methane-n butane sys- 
tem. Except for this system, an increase in specific 
gravity was accompanied by a corresponding increase 
in hydrate decomposition temperature for each binary 
system. 


As shown in Figs. 1 through 3, this general pattern 
held for all systems through methane-iso butane at 
pressures to 10,000 psia. However, the methane-n butane 
system reversed this trend. As shown in Fig. 4, the two 
methane-n butane mixtures generally followed the pure 
methane curve and actually crossed it. This would indi- 
cate that normal butane had little effect on hydrate 
formation and may have acted as an inhibitor to some 
slight degree as pressure increased. 

Figs. 1 through 4 show that the data above 6,000 
psia may be accurately represented by straight lines, 
which are substantially parallel. 


INTERPRETATION OF DATA 


Figs. 1 through 4 contradict earlier extrapolated 
charts which indicated that the hydrate equilibrium 
curves for natural gas would intersect the methane curve 
at pressures higher than those reported. Several deduc- 
tions are possible from the pattern of curves shown in 
Figs. 1 through 4. 

The behavior of the methane-n butane mixtures is 
likely affected to some degree by the pressure sensitivity 
of the hydrate crystal lattice,” wherein the lattice is 
either deformed or assumes a different structure from 
that preposed for low-pressure hydrates. If this is true, 
the pressure would have to be higher to compress the 
larger butane molecule within the voids and stabilize 
this lattice. 

Although as yet we have insufficient data to sub- 
stantiate it, we suspect that the nature of the hydrate 


TABLE 1—GAS COMPOSITIONS TESTED 


Mol Per Cent Composition pend 

Gas Number Ci C2 C3 n-Ca Gas 
(2) 94.6 5.4 0.578 
(3) 80.9 19.1 — 0.643 
(4) 96.5 — 0.586 
(5) 94.5 — 0.605 
(6) 97.4 2.6 0.591 
(7) 94.7 — 0.628 
(8) 98.6 — — 1.4 — 0.571 
(9) 95.4 — — 4.6 — 0.619 
(10)* 90.6 6.6 1.8 U.5 0.5 0.607 


*Pseudo-percentage of each component so that their total equals 100. The 
relative quantity of each component has been preserved. 
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curves obtained has some significance with regard to 
both hydrate composition and pressure sensitivity of 
the lattice. At pressures of 4,000 psia and above, the 
vapor-solid equilibrium constant for methane is approxi- 
mately equal to one (K = 1.0). We deduce from our 
data that K = 1.0 above 6,000 psia (in the regicn of 
straight lines parallel to the pure methane curve) for 
each of the mixtures studied. If this is true, the com- 
position of the hydrate is the same as the gas being 
tested (on a dry basis). If this is a reasonable assump- 
tion, as we believe, it means that there is further evi- 
dence suggesting lattice deformation. 


Recent notable works by von Stackelberg, Pauling, 
Claussen, van der Waals and others indicate that all gas 
hydrates crystallize in one cubic structure, or in a com- 
bination of two cubic structures, in which the gas 
molecules are “trapped” in cavities formed by a frame- 
work composed of water molecules linked together by 
hydrogen bands. One type consists cf 46 water molecules 
enclosing two types of cavities. One class of cavity is 
formed of a pentagonal dodecahedral with the formula 
H,,O... The other, larger oblate cavities are caused by 
bridges between these dodecahedra formed by the re- 
maining six water molecules. Methane, ethane and 
hydrogen sulfide can enter the smaller cavities, which 
are nearly spherical, while propane and heavier may 
enter only the larger ones. This accounts for the relative 
nonstability of propane hydrates and points out why 


TABLE 2—SUMMARY OF EXPERIMENTAL DATA 


Gas No. 1 Gas No. 2 Gas No. 3 Gas No. 4 Gas No. 5 Gas No. 6 Gas No. 7 Gas No. 8 Gas No. 9 Gas No. 10 
psia F psia psia OF psia psia psia °F psia F psia oF ipsia 
1395 54.5 9925 83.9 9945 87.6 1005 63.2 1075 67.9 1115 53.3 1545 57.8 6915 80.3 975. 70.0 1965 68.8 
1495 55.6 9025 82.4 8985 85.9 9060 67.0 1075 67.4 1805 58.2 3465 66.7 5005 76.4 975 69.2 4015 75.8 
1465 55.3 6995 78.6 7055 82.7 10005 88.3 5015 81.3 5015: 72.5 4955 71.5 4875 76.0 2015 74.0 5995 80.3 
1395 54.6 4995 74.1 5165 78.5 5005 78.7 7015 85.2 9565 82.2 6995 76.6 3055 71.7 2025 75.0 7565, 83.3 
2025 60.5 3515 68.8 3405 73.8 3025 74.2 9025 89.2 1515) 55.7 8935 80.4 8001 3375: 77D 9115 85.8 
3065 66.0 2015 61.7 2015 68.3 3425 77.6 13155 254.6 9925 82.2 985 59.8 2935: 72.0 
5040 73.0 1515 58.6 1515 65.4 9035 86.9 ZOE. 7 SiO 835 48.9 2605 62.8 9025 84.1 7015 84.9 4895 77.8 
7060 78.0 1005 53.2 1015 60.2 2015 70.4 2015 60.2 9185 89.3 
9050 81.9 1515” 68.2 1545 
“74 1005 63.5 1260 56. 5 

1015 53.9 2025 74.3 

T5350 871.9. 
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larger molecules do not form hydrates at all, The lattice 
is only stabilized by the presence of gas in the voids. It 
further follows that the formula for the resultant hydrate 
will depend on the number of cavities filled, which in 
turn is a function of the formation mechanism and the 
system. Based on our data, however, we hypothesize 
that this lattice is pressure sensitive (distorts), which in 
turn disturbs the normal size distribution of molecules 
in the lattice. 


CORRELATION OF DATA 


An attempt to correlate our data using specific gravity 
as a parameter was completely unsatisfactory. The use 
of equilibrium constants above 6,000 psia showed no 
promise since K = 1 was a good approximation, 


Below 4,000 psia, it was found that the equilibrium 
values previously published’ gave satisfactory results. It 
appeared that above 6,000 psia a Clapeyron-type equa- 
tion might have application because of the constant slope 
of the lines. When applied to hydrate formation, this 
latter equation would be applied in the following man- 
ner. 

Equilibrium Condition 1 — The partial molar free 
energy of a component in one phase is equal to its partial 
molar free energy in the other phase. 


Equilibrium Condition 2 — For univariant equilibria, 


dP. 
Using these two conditions and combining with 


it follows that 
and 
ay He 5 AH, (5) 
10,000 T T T T T 
8,000 / 
6000 
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© GAS 4 | 
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1 poo | i | / Ihe | 
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METHANE-PROPANE. 
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For three components — 1, 2 and 3 — which can 
represent methane, ethane and water, 


dP 
where the subscripts designate the changes accompany- 


ing each component in the phase change. 
This equation is equivalent to 


Dividing numerator and denominator by n, (total 
number of moles reacting), 


(6) 


(7) 
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7 X,AH, + X,AH, + X,AH, AH, AH, 


where 


ar 7 Slope of the hydrate equilibrium curve 
at a given temperature, 
AH = latent heat of phase transformation, 
T = absolute temperature at which the phase 
change occurs, 
AV =the volume change accompanying the 
phase change, 
F = free energy, 
S = entropy, 
H = enthalpy, and 
Superscripts a and £ refer to different phases. 


The term AV applies only to the gas and water tied 
up in any hydrate formed. Therefore, it is the volume 
occupied by that gas and liquid in their initial gaseous 
and liquid states, respectively, minus the volume of the 
hydrate. The initial volume of the gas involved is the 
dominant factor and may be used for AV without sig- 
nificant error. 


Applying the gas law PV = ZRT, Eq. 8 becomes 


dP PAH 9 
On re-arrangement this becomes 
din P AH 


If H, Z and R are combined to form one factor C, 
then 


where a is the slope of the equilibrium curve as 


plotted on semilog paper. This slope, which can be rep- 
resented by m, is constant for all the mixtures tested 
between 6,000 and 10,000 psia. Eq. 4 then may be 
modified to read 


The assumption that AV is equal to the volume of 
the reacting gas in the vapor phase may seem to be an 
over-simplification when one considers the higher pres- 
sures encountered. It can be shown that the inclusion of 
the smaller volume change would yield essentially the 
same final result. 


The average slope m calculated from the data was 
0.066, or 


13) 


A factor C then was calculated for each component 
tested by assuming that the law of ideal solutions was 
applicable; i.e., the mol fraction of each component 
times its C yielded a partial C, found from Eq. 12. 
This was used to find the C values shown in Table 3. 

In the determination of C values, it is not essential 
that the actual slope n be known exactly because it 
cancels out in the calculation. The method shown, how- 
ever, does assume that the hydrate formation curves are 
parallel. Therefore, it would apply only in the region 
where this condition is essentially met. 


The values shown in Table 3 actually do not vary 
markedly between 6,000 and 10,000 psia. The total 
range is less than 3 per cent of the absolute values. 
Consequently, an average value of the components heav- 
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TABLE 3—SUMMARY OF C VALUES FOR HYDRATE FORMATION 


PREDICTION 
Pressure C Values 
(psia) Ci Co C3 i-C4 n-Cy 

6000 18,933 20,806 28,382 30,696 17,340 
7000 19,096 20,848 28,709 30,913 17,358 
8000 19,246 20,932 28,764 30,935 17,491 
9000 19,367 21,094 29,182 31,109 17,868 

10,000 19,489 21,105 29,200 30,935 17,868 


ier than methane could be used with little loss in ac- 
curacy. The numbers are shown as calculated from the 
data without regard for the number of figures that 
might be significant. 
The following is an example calculation. 
Composition of mixture: methane, 80.9 per cent 
ethane, 19.1 per cent 
Pressure: 6,000 psia 
Temperature ct phase change: 540.5°R 
(Cinethane) = (0.066) (540.5)* = 19,281. 
Since 


(0.809) (Cineenane) + 
19,2515 
then 
19,281 — (0.809) (18,933) 
0.191 


20,806: 
The C values shown for methane were calculated from 


the curve for pure methane. The temperatures were 
taken from the lines drawn. 


The values tabulated in Table 3 may be used to pre- 
dict the hydrate formation temperature for any gas 
above 6,000 psia once the composition is known. The 
procedure is as follows. 


1. Express the gas composition in terms only of the 
relative quantities of methane through normal butane 
present. All heavier components are ignored. This is 
done by rationing the relative quantities of these com- 
ponents so that their total percentage equals 100, as 
shown in Table 4. 


2. At the pressure involved, multiply the pseudo- 
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TABLE 4—SAMPLE HYDRATE FORMATION CALCULATION, NATURAL GAS NO. 10 


Pressure (psia) 


Gas = 


Composition 6000 7000 8000 9000 
(mol per cent) C Val. Part. C Val. C Val. Part. C Val. C Vai. Part. C Val. C Val. Part. C Val. 
Ci .906 18,933 17,153 19,096 17,301 19,246 17,437 19,367 17,547 
C2 .066 20,806 3 20,848 1,376 20,932 1,382 21,094 1,392 
Cs .018 28,382 511 28,709 Sd, 28,764 518 29,182 525 
i-Cy  .005 30,696 153 30,913 155 30,935 155 31,109 156 
n-C, .005 17,340 87 17,358 87 17,491 87 17,868 89 
Pseudo—C Values 19,277 19,436 19,579 19,709 
Hydrate 
Formation 80.4°F 82.7°F 84.7°F 86.4°F 
Temperature* 
(Eq. 6) 


*Calculated points are plotted on Fig. 5. 


percentage of each component by its C value. Interpola- 
tion between the pressures shown is permissible. 


3. Add up the partial C values for each component 
to determine total C. 


4. Calculate the hydrate formation temperature from 
Eq. 13. 


An example of this precedure is shown for Gas No. 
10 in Table 4. Fig. 5 compares the calculated points 
and the experimental curve for the same gas. The 
error does not exceed 1°F. 


The method developed by Katz’ using vapor-solid 
equilibrium constants may be used up to 4,000 psia. 
The curve thus developed then can be joined to the 
points predicted from 6,000 to 10,000 psia. The points 
calculated using this method are also shown in Fig. 5. 


Many more natural-gas and binary-gas mixture data 
for hydrate formation will have to be evaluated to 
determine if the correlation presented is sufficiently ac- 
curate in the range of 6,000 to 10,000 psia. The effect 
of other components such as CO., N., H.S and the 
hydrocarbons heavier than butane must be evaluated at 
these pressures. 


CONCLUSIONS 


On the basis of the limited data available, the pro- 
posed correlation offers the first reliable method of pre- 
dicting hydrate formation conditions at pressures ex- 
ceeding 4,000 to 6,000 psia. Although the data rigorously 
apply only to a system without a hydrocarbon liquid 
phase, they have application in production operations 
where such liquid is present. Use of the predicted tem- 
perature in field operations is satisfactory and slightly 
conservative, for the liquid phase “depresses” the dew 
point slightly. Although liquids are usually present in a 
field system, they are not necessarily distributed in any 
quantity throughout it. For example, after closing in a 
well the liquids gravitate downward and there is little 
present in the upper wellbore where hydrates usually 
form. Therefore, the inherent limitations of the experi- 
mental system do not destroy the applicability of the 
results in many field installations. 


The data and therefore the results, are subject to 


obvious limitations, but they serve as a better guide for 
future investigations than do available published data. 
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Wellbore Pressure Surges Produced by Pipe Movement 


J. A. BURKHARDT 
JUNIOR MEMBER AIME 


ABSTRACT 


Fieid measurements and theoretical studies have been 
made of pressure surges—momentary variations in fluid 
pressure—produced by movement of pipe in mud-filled 
boreholes. Pressure measurements were recorded by five 
pressure gauges located at various positions in the bore- 
hole. An important positive pressure peak was found 
to occur as the casing moved with maximum velocity. 
Important negative peaks were found as the casing was 
lifted from the slips and as brakes were applied to stop 
pipe movement. A rigorously formulated theory has 
successfully predicted the sequence and magnitudes of 
these positive and negative surges and has established a 
basis for understanding how they occur. 


Both the measurements and theory indicate that the 
most important pressure surge is usually due to viscous 
drag of the flowing mud. The theory of viscous-drag 
pressure surges has been approximated by simplified 
graphs and calculation procedures to facilitate ready use 
in field operations. Comparison of measured results with 
those predicted by the simplified theory shows that the 
magnitude of this surge can be predicted accurately. 


INTRODUCTION 


It is widely recognized that raising or lowering pipe 
in a fluid-filled borehole produces momentary variations 
in fluid pressure, commonly called pressure surges. Both 
negative (or “swabbing”) surges and positive (or “frac- 
turing”) surges may occur. In 1934, Cannon* measured 
the negative surges and showed that they could be large 
enough to cause flow of formation fluids into the well- 
bore and, in extreme cases, lead to blowout conditions. 
Later, Goins’ measured the positive surges associated 
with lowering pipe. His results and subsequent field 
operations strikingly demonstrated that pressure surges 
could be an important factor in some cases of lost 
returns. In addition, although the evidence is less clear 
than in the case of blowouts and lost returns, other 
investigators’* feel that pressure surges probably play 
a part in many instances of minor gas cutting, salt-water 
flow and other hole trouble. 


The importance of pressure surges in drilling opera- 
tions led naturally to attempts to explain the physical 
causes, nature and magnitude of the surges. Cardwell’ 
was the first to publish a theory which allowed the 
quantitative prediction of momentary pressure varia- 
tions. He assumed that the drilling fluid was a 300-cp 
Newtonian fluid in turbulent flow, Most field muds have 
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a considerably lower viscosity and are generally be- 
lieved to be Bingham plastic in nature.* However, Card- 
well’s results were useful because they were presented 
in a form convenient for field use and, in some cases, 
gave a reasonably accurate predicted value for the 
maximum pressure surge. 


Subsequently, Ormsby’ published a more compre- 
hensive theory of pressure surges. He discussed both 
laminar and turbulent flow and considered the theory 
of mud-bypass devices for reducing pressure surges. As 
a consequence of his more rigorous approach, his results 
were more accurate but more complex and difficult to 
use. Further, both Ormsby and Cardwell considered 
only the pressure surge arising from viscous drag of 
the moving mud. 


Clark** later published idealized graphs of surges and 
presented equations for predicting their magnitudes. In 
addition to pressure variations arising from viscous 
drag, he considered those caused by inertial effects. His 
theory was in this respect more complete than those of 
Cardwell and Ormsby, although he did not discuss pres- 
sures due to breaking of the gel. Furthermore, his equa- 
tions, while not exceptionally complicated, were too 
complex for ready use at a drilling location. 


One difficulty common to all three theories is that 
none was tested rigorously by direct comparison with 
measured pressure surges. Their accuracy, therefore, 
could, not be demonstrated, Further, the two theories 
based on most realistic assumptions (Ormsby and Clark) 
required the solution of one or more rather complex 
algebraic equations. 


The research described in this paper was undertaken 
to supplement that described and to overcome some of 
the difficulties noted. It seemed obvious that a fully 
satisfactory study of pressure surges should encompass 
three main phases. 


1. A valid theory useful in all field situations must 
be developed. This theory must be based upon realistic 
assumptions, must be formulated rigorously and should 
lead to clear concepts whereby the nature of pressure 
surges can be easily understood. 


2. The theory, however complex and involved, ulti- 
mately must be presented in simplified form for con- 
venient field use. This may involve extensive machine 
computations and the use of figures and empirical 
equations. 


3. The accuracy of the simplified equations must be 
established by comparing measured pressure surges with 
those predicted by the theory. These must agree both 
in their characteristic nature and in magnitude. This 
means that careful measurements of surges occurring 
in actual field operations must be made. 


THEORETICAL DESCRIPTION OF PRESSURE- 
SURGE GENERATION 


A qualitative understanding of pressure surges is 
perhaps best achieved by first examining an experimental 
measurement. Fig. 1 shows the several positive and 
negative pressure fluctuations produced when a single 
joint of casing was lowered into a mud-filled borehole. 
The casing-running operations were customary: (1) the 
casing was lifted a foot or so from the slips; (2) the 
added joint was lowered smoothly; (3) it was braked 
to a stop; and (4) it was set in the slips. 


The immediate cause of all pressure surges observed 
during this operation was the natural resistance of the 
mud column to motion. Movement of the mud column 
is related directly to motion of the displacing pipe string. 
In understanding how the pressure variations arise, it is 
necessary to consider the velocity and acceleration of 
the pipe string. 

Fig. 2 shows the pipe velocities and accelerations 
measured during the same time interval that the pres- 
sures in Fig. 1 were observed. Certain corresponding 
features are immediately apparent, A large positive 
pressure surge (b) in Fig. 1 occurred at the maximum 
pipe velocity (B) in Fig. 2, suggesting that viscous drag 
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of the flowing mud is an important factor in producing 
some pressure surges. One or more negative pressure 
peaks (c) occurred as the pipe string was suddenly 
decelerated (C) by application of the brakes. This indi- 
cates that inertial effects can also cause pressure surges. 
Another negative pressure surge (a) invariably occurred 
as the casing was lifted from the slips (A). The theoret- 
ical analysis to follow shows that this might be due 
either to breaking of the mud gel or to inertial effects. 


In summary, a preliminary comparison of Figs. 1 
and 2 reveals that each individual pressure peak in the 
surge pattern may be due to one or more of three effects 
— viscous drag, inertia and breaking of mud gel. An 
adequate theory must explain and correctly predict the 
magnitudes of each of these effects. The following para- 
graphs consider the theoretical aspects of the three pro- 
posed mechanisms. 


PRESSURE GENERATED BY 
BREAKING THE MUD GEL 

An expression for the pressure required to break the 
mud gel and start circulation has been given by Melrose, 
et al.’ The important parameters are the hole diameter 
D,, the outside and inside pipe diameters D, and D,, 
the length of pipe L in the hole and the mud gel 
strength 


Inside the pipe, 


(1) 
In the annulus, 
Lé 
(2) 
JD) 


Once the pressure required to break the gel is ex- 
ceeded and the pipe begins to move, this mechanism is 
no longer important. Any subsequent pressure surges 
which occur must be explained by such effects as the 
inertia and viscous drag of the mud. 


PRESSURE GENERATED BY INERTIA 
OF THE MUD COLUMN 

The inertial-pressure-surge component is due to the 
tendency of the mud column to resist a change in motion, 
as described by Newton’s laws of motion. Following 
Clark,* the inertial-pressure-surge component is ex- 
pressed for the following. 


For closed pipe strings, 


= Lpa, Dire (3) 
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For open pipe strings, 
where a, = pipe acceleration, 
p = mud density, and 


g = acceleration of gravity. 


PRESSURE GENERATED BY VISCOUS 
DRAG OF THE MUD COLUMN 

The theoretical treatments of the pressure-surge com- 
ponents arising from inertial effects and gel breaking 
are relatively straightforward. However, the theoretical 
treatment of the pressure-surge component due to vis- 
cous drag is considerably more difficult. Various limita- 
tions of the theories of Cardwell,’ Ormsby’ and Clark’* 
have been noted. The theory presented here supple- 
ments previous work by the utilization of recent ad- 
vances of the technology of mud flow in annuli and 
pipes and by a more rigorous inclusion of the effects of 
the moving pipe walls on the mud flow in the annulus. 
Since the moving pipe walls greatly influence the mud 
velocity in the annulus (and, hence, the pressure surge), 
the procedure for calculating the pressure surge follows 
a description of the effect of the moving pipe walls on 
the annulus mud velocity. 

The principal mathematical difficulty in describing 
viscous-drag pressure surges is the effect of the moving 
pipe walls on the annular mud velocity. The moving 
pipe walls transport mud in the direction of motion of 
the pipe, and at the same time the volume of the pipe 
displaces mud in an opposite direction to the pipe’s 
motion. The “effective” mud velocity that produces 
pressure surges is a combination of the mud velocity 
due to the pipe displacing mud and due to the tendency 
of the pipe walls to transport mud. The mud velocity 
due to the pipe displacing the mud is simply related to 
the cross-sectional area of the pipe and of the annulus 
and the velocity of the pipe. However, the component 
of mud velocity arising from the moving pipe walls is 
not a simple relationship. The procedure for arriving at 
the value of this velocity component is: (1) theoretically 
describe the velocity profile of the mud due to the movy- 
ing pipe; and then (2) integrate the velocity profile to 
obtain a component of the effective mud velocity due 
to the moving pipe walls. The following paragraphs 
outline the considerations used in describing the velocity 
profile and integrating it to obtain a usable resultant 
component of mud velocity. 

The velocity profile depends upon several factors— 
the nature of the fluid (whether Bingham or New- 
tonian), the geometry (annular of parallel plates), the 
type of flow (laminar or turbulent) and the pipe ve- 
locity. These will be considered in turn. 

Beck® has shown that most drilling muds can be ap- 
proximated as Bingham plastics. Melrose’ has shown 
that the movement of Bingham and Newtonian fluids 
in a fixed annulus can be accurately approximated by 
flow between fixed parallel plates, provided the ratio 
D,/D, is 0.5 or greater. These two findings indicate 
that the velocity profile of a drilling mud in an annulus 
should be quite similar to the profile of a Bingham 
fluid between parallel plates. 

The effect of type of flow remains to be considered. 
For turbulent flow of Newtonian fluids, the effects of a 
moving surface on the velocity profile has been meas- 
ured by Laufer” and caculated by Pai.” Although the 
drilling mud is believed to be Bingham rather than 
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Newtonian in nature, the velocity profiles of either fluid 
in turbulent flow should be similar. In developing the 
theory reported here, the method of Pai was used to 
calculate velocity profiles due to the moving surface 
when the annular mud flow was turbulent, Classical 
methods were used to calculate velocity profiles due to 
the moving pipe wall when the mud flow was lJaminar. 
The velocity profiles for a number of different an- 
nular geometries were calculated. An average velocity 
of the mud resulting from the moving pipe wall was 
obtained by integration of the velocity profile. Fig. 3 
shows the results of the integration in a form suitable 
for convenient use. Here, the component V,,, of eftec- 
tive mud velocity due to the moving pipe wall is related 

to pipe velocity V, by a proportionality constant K. 


The value of the constant K depends upon the ratio 
of pipe and hole diameters according to the curves 
shown in Fig 3. Since the mud “clinging” to the pipe 
must, in effect, displace an equal volume of mud in the 
opposite direction of the pipe’s velocity to maintain a 
volumetric balance of mud and volume of the hole, Vn. 
is in Opposition to V,; hence, the negative sign occurs 
in Eq. 5. 

In drilling and completing operations, the pressure 
surges result from pipe string being moved into or out 
of a borehole. These pipe strings are either open to mud 
flow in the pipe bore or closed so that no mud flows 
in the pipe bore. The component of mud velocity due 
to the moving pipe wall, V,,,, is the same whether the 
pipe string is open or closed. 


Viscous-Drag Pressure Surges with Closed Pipe String 


The theoretical descriptions of viscous-drag surges 
in open and closed pipe strings are qualitatively similar. 
The equations differ somewhat in form and concept, 
however, and it therefore is desirable to discuss the two 
situations separately. In this section, closed pipe strings 
are considered. Closed pipe strings are pipe strings that 
do not allow mud to flow from the annulus into the 
pipe bore, and they are typified by casing strings with 
float shoes. 

Determination of the Effective Annular Mud Ve- 
locity. In addition to the component of effective velocity 
due to mud clinging to the inner moving annular wall 
(Eq. 5), there is a component V,, due to volumetric 
mud flow produced by the displacing pipe. This is de- 
termined from the relative cross-sectional areas of the 
annulus and the closed pipe. 


Turbulent Flow Laminar Flow 
Kas defined in 3 
Vins = ~KVp 
VANE 4 
| 
As) 6 lf 8 AY) 1.0 


Do/D, — Ratio of Pipe Diameter to 
Hole Diameter 
Fic. 3—Mup “Ciincinc” Constant ReLatTinc Pipe VELOCITY 
TO THE COMPONENT OF ANNULAR Mup Ve tocity To 
Movinc Pipe WALLS As A FuNCTION OF RATIO OF 
ANNULAR DIAMETERS. 
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DS min 
The average effective annular mud velocity V,, is the 
sum of Eqs. 5 and 6. 


D’, ft 


The average effective annular mud velocity is the mud 
velocity which produces the viscous drag component of 
surge pressure, and its frame of reference is the well- 
bore wall. The following section describes the procedure 
for obtaining the numerical value of pressure surge 
from this average effective annular mud velocity, V,.. 


Pressure Generated Due to the Mud Flow in an An- 
nulus. The pressure gradients associated with the flow 
of Bingham plastics in pipes and annuli have been de- 
scribed by Melrose, ef al.’ A computational procedure 
adapted from that of Melrose was used to calculate the 
pressure gradients generated by viscous drag of a mud 
column. Since these calculations are fully covered in 
the literature,””’* only the essential information for 
using the procedure will be described. 


A dimensionless quantity, fluid conductance y, relates 
the viscous-drag pressure gradients of Bingham plastics 
to those of Newtonian fluids, Fig. 4 is a graph of the 
fluid conductance for pipes and annuli as a function of 
another dimensionless quantity called the plasticity S. 
The plasticity for an annulus is defined to be 

Mp 
Here, +, and uw, are the mud yield point and plastic 
viscosity. The calculation of the plasticity from Eq. 8 


leads directly to the determination of conductance y 
from Fig. 4. 

A modified friction factor-Reynolds number chart 
for use with Bingham plastics is shown in Fig. 5. The 
Reynolds number for annular flow of Bingham plastics 
is defined by 


D, DF 


From Fig. 5, a value of the friction factor f is obtained, 
knowing the numerical values of fluid conductance (y) 
and Reynolds number (R,). And with this friction fac- 
tor f, the pressure surge generated by the average effec- 
tive mud velocity in the annulus resulting from the 
movement of closed pipe in the borehole is given by the 
conventional Fanning equation 


AP psi (10) 


In those situations where the hole or pipe geometry 
changes, the contribution to the pressure gradients for 
each particular geometry should be calculated. The total 
pressure is the sum of the separate components. 


R, = 15.44 


Viscous-Drag Pressure Surges with Open Pipe Strings 

For purposes of discussion, open pipe strings are de- 
fined as those which have openings connecting the an- 
nulus and pipe bore at the bottom of the string, such as 
a bit on drill pipe or a fill-up shoe on a casing string. 


To determine the effective annular mud velocity 
that generates the viscous-drag pressure-surge compo- 
nent, a statement must be made about how the addi- 
tional mud flow path of the pipe bore is related to the 
annular mud flow path. The criterion used to describe 
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a relationship between these two parallel flow paths 
was that the total pressure surge generated in the pipe 
bore must equal the total pressure surge generated in 
the annulus. 


This equal pressure pondian is obtained by partition- 
ing the mud flow between the two paths in various 
ratios until equal pressures are generated in both flow 
paths. This final pressure should be identical to that 
which actually occurs; thus, it is the surge pressure. 

The complexity of the calculations of viscous-drag 
pressure surges for various geometries of the annulus 
and pipe bore, plus the trial-and-error procedure of par- 
titioning the mud between the two flow paths, requires 
the use of a high-speed computing machine. These 
computational complexities are minimized by an ap- 
proximate procedure presented in a later section. 

Effective Mud Velocities for Pressure-Surge Genera- 
tion. As before, the effective average annulus mud ve- 
locity is the sum of components due to mud displace- 
ment and moving pipe wall. Thus, 


= SS) ft 


where qg, is the volumetric mud flow in the annulus 
measured with respect to the fixed wall. The effective 
average velocity of the mud in the pipe bore with re- 
spect to the walls of the pipe bore is 


576 {qo} 


and the pressure in the pipe bore is generated by the 
relative flow {q,} of the mud and pipe walls, irrespec- 
tive of which is considered to be moving. 

Pressure Generated in the Annulus and Pipe Bore. 
The pressure generated in the annulus of open pipe 
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strings is computed in the same way as outlined for 
closed pipe except V,. is defined by Eq. 12. The pres- 
sure generated in the pipe bore uses the same proce- 
dures as outlined for the annulus, The changed geom- 
etry causes Eqs. 8, 9 and 10 to become: 


2394 (D,) 7, 
S = ———; ....... (14 
( ) 
15.44 (D,) Vo. 
R,= 
Mp 
and 
p psi 
ALi 10D; (=). 


For each change in diameter of the pipe bore and the 
annulus, the pressure gradient will be different and the 
pressure generated in each of the flow paths will be the 
sum of the contributions from each change of diameter. 

In developing the theory and graphs described herein, 
the process of partitioning the mud flow, computing the 
pressures, repartitioning the flow, etc., was continued 
until the pressure generated in the annulus was within 
5 psi of that generated in the pipe bore. When this 
condition was met, the pressure generated in either path 
was considered to be identical to the pressure surge. 

The constants appearing in Eqs. 5 through 16 are 
pooled conversion factors to make the equations nu- 
merically correct when the dimensions of the param- 
eters are those listed in the table of nomenclature of 
the symbols. 


QUALITATIVE COMPARISON OF PREDICTED 
AND OBSERVED SURGES 

The pipe velocity and accelerations depicted in Fig. 
2 were used to calculate a surge pattern from the 
theoretical treatment of the surge components associ- 
ated with the inertial and viscous-drag effects. The com- 
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puted pattern is shown in Fig. 6. A comparison of the 
computed pattern in Fig. 6 with the measured patterns 
in Fig, 1 clearly demonstrates the similarity of the 
computed and measured surge patterns. 


SUMMARY OF THEORETICAL ASPECTS 
OF PRESSURE-SURGE GENERATION 


A theoretical treatment of surge pressure generation 
has been formulated in terms of quantities that can be 
measured: pipe velocity, pipe acceleration, mud prop- 
erties, hole size and pipe-string size. The theory pre- 
dicts a surge pattern from pipe velocity and acceleration 
that is similar in detail with the measured surge pat- 
terns. 

The last requirement of the theory, that it quantita- 
tively predict the magnitude of the major peaks and 
valleys of the measured surge patterns, will be demon- 
strated following the discussion of field measurements 
of pressure surges. 


FIELD MEASUREMENTS OF PRESSURE SURGE 


It has been noted previously that measured surge 
pressures were qualitatively in agreement with those 
predicted. This section of the report will present field 
data that will permit a quantitative evaluation of the 
theory. 


DESCRIPTION OF PROCEDURE 

A 9%-in., 40-lb/ft casing string was set and ce- 
mented at 2,100 ft in a field well to form a “wellbore” 
of uniform diameter into which a smaller casing string 
was lowered. This second string consisted of 48 joints 
of 7-in., 23-lb/ft casing equipped with a differential 
fill-up collar. Normal casing handling procedures were 
followed. Measurements of (1) instantaneous mud pres- 
sure as a function of time, (2) position of the casing 
as a function of time and (3) mud properties were 
made during the running of the casing string. 


Pressure Measurements 


Five subsurface pressure gauges were used to record 
instantaneous mud pressure. Two gauges were placed 
at the bottom of the hole, two at the bottom of the 
casing string and one inside the moving string above 
the fill-up collar. Since the average running time for a 
joint of casing was less than 20 seconds, the pressure 
fluctuations recorded on the gauge charts were exam- 
ined by microscopic techniques. 


A comparison of the pressures measured by two dif- 
ferent types of subsurface gauges located adjacent to 
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each other was used to estimate the precision of the 
pressure measurements. It was found that the two 
gauges at the bottom of the hole and the two at the 
bottom of the moving pipe all recorded approximately 
the same values for pressure surges. The pressure data 
presented in this report are the average of the four 
readings. Characteristics of the gauges in measuring 
transient pressures were such that the deviations of the 
measurements were generally less than 10 per cent, with 
extreme differences of 30 per cent occasionally observed. 


Pipe-Movement Measurements 


Movement of the casing string as a function of time 
was measured by three procedures. 


1. A telephoto movie camera photographed marks at 
one-foot intervals on the casing string as the casing was 
being lowered into the hole. The pipe velocity was ob- 
tained by determining its position as a function of time. 


2. A rig runner pointer was also photographed with a 
second movie camera and the pipe velocity computed. 


3. The last device used to measure the pipe move- 
ment was a DC voltage generator driven by a rig runner 
line. The voltage output of the generator was propor- 
tional to the speed of the rig runner line and was re- 
corded with a strip-chart recorder. 


Acceleration of the pipe was obtained by numerical 
differentiation of data obtained by each of these three 
measurements. 


The three measurements of pipe velocity were gen- 
erally in good agreement. The two camera devices cor- 
related within 2 per cent deviation at velocities of 1 
ft/sec or greater. The recorder deviated 3 to 5 per cent 
from the camera in the velocity range of 1 ft/sec or 
greater. Fig. 2 is a typical pipe-string velocity and ac- 
celeration chart measured as an added joint of casing 
was lowered into the hole. 


Mud Property Measurements 


Properties of the mud were measured at various 
times during the casing running operation. Table 1 is a 
listing of the measured mud properties. A constant- 
speed rotary viscometer was used to measure the initial 
and three-minute gel strengths, €, and &, the plastic 
viscosity u, and the yield point 7,. The Marsh funnel 
viscosity, the compressibility and the density p were 
measured, as was the API filtration rate. 


Differential Fill-Up Collar 
Measurements were made with the differential fill-up 
collar operative, as well as closed and inoperative. This 
permitted an evaluation of the utility of such a device 
and, more important, provided data to check the theory 
of pressure surges for both open and closed pipe strings. 


RESULTS AND COMPARISON WITH THEORY 

This research was undertaken to describe pressure 
surges qualitatively as well as quantitatively, It previ- 
ously has been noted that certain pressure peaks oc- 
curred at maximum pipe velocity or acceleration. The 
pipe motion, of course, was related to pipe handling 
operations on the rig floor. 

The theoretical predictions were compared to the 
measured surge patterns at four characteristic points— 
(1) the maximum value of the first negative peak, (2) 
the maximum value of the first negative braking peak, 
(3) the maximum value of the second negative braking 
peak and (4) the maximum value of the major positive 
peak. 
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TABLE 1—-MUD PROPERTIES DURING PRESSURE SURGE MEASUREMENTS 


Gel Strength 


Time of 1b/100 ft 
Day Initial 3-Min (cp) 
8:45 AM 22 
8:55 9 32 12 7 
2:10 = = = = 
9:25 9 36 12 8 
9:35 9 38 12 8 
10:00 9 4) 12 8 
3.00 PM 13.2 6 
4:30 10 28 14 $ 
4:50 12 38 12.5 6. 


Point 
(1b/100 


Mud Filtration 
Wt. Rate 
(Ib/gal) (cc/30 min API) 
10.8 a 
10.9 
10.75 
10.85 = 
10.385 = 
10.85 — 
= 12.3 


Compressi- Funnel 
bility Viscosity 
(per cent) 


10.9 — 


An experimental difficulty produced a minor limita- 
tion to the verification of the theory. As it was designed 
to do, the automatic fill-up collar closed the pipe string 
during the negative surges, preventing an evaluation of 
the negative surge for an open pipe string. Therefore, the 
negative pressure surges obtained while the fill-up collar 
was operating were not used. The comparisons of nega- 
tive surges were limited to the measurements made 
while the differential fill-up collar was permanently 
closed and inoperative. Comparisons of the positive 
viscous-drag surges measured with the fill-up device op- 
erative are presented in a later section of the report. 


Negative Surges Due to Lifting Pipe String Off Slips 

Measured values of the initial negative surge peakes 
were compared to computed values that arise from 
inertial and gel-breaking effects. The velocity compo- 
nent is of little interest at this particular instant, for the 
velocity of the mud is essentially zero (Fig. 2). Table 2 
lists the measured surges and the computed inertial and 
gel-breaking surge pressures. The gel strength of the 
mud was taken to be the measured average three-minute 
strength € of 32.9 1b/100 ft’ as three minutes was the 
approximate time involved in adding a new casing joint. 


The results in Table 2 show that this negative surge 
peak could arise from either the gel-breaking pressure 
or the inertial pressure, depending upon the value of 
the acceleration and the gel strength of the mud in 
particular cases. 


Negative Surges Due to Braking the Pipe 


A comparison of the measured and predicted surges 
which result from applying the brakes to stop the down- 


TABLE 2—COMPARISON OF MEASURED AND COMPUTED SURGE 
OCCURRING AS THE PIPE 1S LIFTED FROM THE SLIPS 
First Negative Surge, in psi/1,000 ft of Pipe 


Avg. Calculated as Due to 
Joint Pipe Depth Acceleration of Mud Breaking of Gel 
No (ft) Measured (Eq. 4) (Eq. 2) 
38 1576 61 59 60 
39 1617 76 63 60 
40 1660 67 59 60 
4) 1704 87 99 60 
42 1747 102 107 60 
43 1791 109 160 60 
44 1834 127 117 60 
45 1878 36 —_— 60 
46 1920 122 195 60 
47 1964 102 138 60 
48 2008 81 130 60 


ward travel of the pipe is shown in Table 3. The pre- 
dicted surge was obtained by computing the positive 
value of the surge due to the velocity of the pipe and 
subtracting the negative surge due to pipe deceleration. 
Considering the errors involved in the measured value 
of surge pressure and in the determination of pipe ac- 
celeration, the agreement is reasonably good on the first 
deceleration surge and better on the second. The aver- 
age deviation between measured and calculated values 
is 36 psi/1,000 ft of pipe (a discrepancy of 36 per cent) 
for the first deceleration surge and 18 psi/1,000 ft of 
pipe (a discrepancy of 18 per cent) for the second. 


Positive Surges Due to Pipe Velocity 

The maximum values of the observed positive surges 
were compared to the viscous-drag surges computed 
when the instantaneous pipe velocity was a maximum. 
This comparison for the closed pipe string is shown in 
Table 4. 

Agreement between measured and calculated values 
is excellent, the difference being in every case less than 
the experimental error in measuring pressure and in- 
stantaneous pipe velocity. The actual difference between 
measured and predicted values averaged 32 psi, a dis- 
crepancy of about 13 per cent. In planning field opera- 
tions, it is important that these large surges can be pre- 
dicted accurately. 


Summary of Comparisons 


The comparisons listed in Tables 2, 3 and 4 confirm 
the theory as a quantitative means of predicting pres- 
sure surges. Although several large deviations are pres- 
ent in the comparisons, the deviations are generally well 
within the experimental accuracy. Agreement is espe- 
cially good in the case of viscous-drag pressures, which 
are the largest and therefore most important pressure 
peaks of the pressure-surge pattern. 


FIELD UTILIZATION OF THEORY FOR 
PRESSURE-SURGE PREDICTIONS 


Previous sections of this paper emphasize the theo- 
retical description of surge pressure patterns and how 
this theory corresponds to the observed surges. In this 
section, the application of the theory to the control of 
pressure surges in field operations will be discussed. 
Effective field use requires the development of a simple, 


TABLE 3—-COMPARISON OF MEASURED AND COMPUTED. PRESSURE SURGES DUE TO A VISCOUS DRAG AND INERTIAL SURGE COMPONENTS OCCURRING 
AS THE PIPE IS BRAKED TO A STOP 


7% First Pipe Deceleration Surge Second Pipe Deceleration Surge 
aint Pipe Depth in psi/1,000 ft of pipe in psi/1,000 ft of pipe 
No. (ft) Measured Calculated Measured _ Calculated 
38 1576 — 63 
39 1617 —149 = 
40 1660 —146 = = = 
4) 1704 — 86 — 86 
42 1747 — 94 =— 92 — 74 — 78 
43 1791 — = 1110 — 108 
44 1834 + + 36 
45 1878 — 48 —111 —154 —149 
46 1920 — 59 
47 1964 1 
48 2008 —159 =—i1/09 — 86 147 
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TABLE 4—COMPARISON OF MEASURED AND COMPUTED PRESSURE SURGE 
DUE TO VISCOUS-DRAG SURGE COMPONENT OCCURRING AS THE PIPE IS 
LOWERED INTO THE WELLBORE 


Maximum Positive Pressure Surge 


hae in psi/1,000 ft of pipe 
No. (ft) Measured Calculated 
38 1576 254 287 
39 1617 230 295 
40 1660 241 311 
4] 1704 241 260 
42 1747 257 319 
43 1791 250 279 
44 1834 233 260 
45 1878 226 246 
46 1920 218 246 
47 1964 229 222 
48 2008 226 216 


straightforward procedure for accurately computing the 
pressure surges which may occur. 

The simplifications necessary are (1) the determi- 
nation of which of the pressure peaks are largest and, 
hence, most important and (2) a simple method of 
computing these largest peaks—be they positive or 
negative. 


IDENTIFICATION OF IMPORTANT SURGES 

The characteristically largest pressure surges were 
identified from field observations of the various posi- 
tive and negative surge peaks occurring as added joints 
of casing were lowered into the hole. Fig. 7 is a compila- 
tion of the maximum surge values. The data from Joints 
38 through 48 measured with the fill-up device closed 
and inoperative (closed pipe) clearly show that the 
largest surge is a positive one. Table 4 shows this posi- 
tive peak to be associated with the viscous drag of the 
mud that occurs at maximum pipe velocity. 

The data measured with the differential fill-up device 
operative, Joints 4 through 37 in Fig. 7, show the meas- 
ured negative surges to be somewhat greater than the 
corresponding positive surges. But as previously stated, 
the differential fill-up collar in its normal operating 
condition closed the casing string during the negative 
surges and opened the casing to mud flow during the 
positive surges. The casing string, when running Joints 
4 through 37, thus appeared to be a closed pipe for 
negative surges and an open pipe for positive surges. 
In many assemblies, such as drill strings, the bore of the 
pipe would be opened to flow during both surges. 

To gain an insight into the surges occurring in this 
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open-pipe case, the inertial and gel-breaking pressures 
were calculated with Eq. 4 and with Eq. 2, respectively. 
These computed negative surges were less than the 
measured positive surges. (See Fig. 7.) 

For field use in controlling pressure surges, it is thus 
normally sufficient to consider only the major pressure 
peak arising from the viscous drag of the mud at maxi- 
mum pipe velocity, The computational procedure previ- 
ously described for the viscous-drag component of surge 
pressure generation is complex. A straightforward pro- 
cedure for estimating this surge pressure is presented 
in the following section. 


APPROXIMATE PROCEDURE FOR COMPUTING 
VISCOUS-DRAG PRESSURE SURGES 

The approximate procedure for computing viscous- 
drag components of pressure surges is a simplification of 
the theory given in a previous section. The central idea 
of the simplification is to fit approximate equations to 
theoretical results computed for specific conditions and 
to state these approximate equations in terms of pipe 
velocity, mud properties, hole size and pipe geometry. 
Using a high-speed computer, over 500 combinations of 
pipe and hole sizes and mud properties were used to 
evaluate the approximate equations for the conditions 
most often encountered in field operations. 

Fig 8 is a typical graph showing computed pressure 
surge vs instantaneous pipe velocity. Also shown in 
Fig. 8 are the two approximate equations used to fit 
the computed curves. In the laminar flow region, the 
curve can be approximated by an equation of the form 


V, + [psi/1,000 ft (17) 
For the turbulent flow region, 


The curve-fitting parameters, ¥, [ and 6 were evalu- 
ated for a range of mud properties, hole sizes and pipe- 
string geometries. The dependence of these three param- 
eters upon the several variables was found to differ for 
open and closed pipe strings. These two cases, therefore, 
are discussed separately. 


Closed Pipe 
For a closed pipe string, Eqs. 17 and 18 were found 
to be expressible as the following. 
For laminar flow—closed pipe, 


For turbulent flow—closed pipe, 

P, =A [psi/1,000 ft pipe] (20) 
In these equations, the pipe velocity and mud proper- 
ties, jp, t, and p, appear directly. The remaining param- 
eters, B, D, and A, are associated with pipe and hole 
geometries. 

The numerical values of A and B evolved by curve 
fitting are plotted in Figs. 9 and 10 as a function of 
hole size for various pipe strings. The nominal casing 
sizes represent all weights of casing and standard cou- 
plings. The drill pipe strings are 314-in. full hole with 
4%8-in, tool joints, and 5-in. extra hole with 6%-in OD 
tool joints. Each drill string had sufficient drill collars 
to place 40,000 1b on the bit in 12-lb/gal mud. 

Next, it was desirable to study the effect of different 
tool joint sizes, casing-protector bushings size and num- 
ber as well as size of drill collars upon the constants 
A and B. Using the computer, pressure surges were cal- 
culated using a number of different drill strings with nomi- 
nal 3’- or 5-in. pipe but with various drill-collar sizes 
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and lengths, various tool joints, etc. If the clearances 
(D, — D:;), (Di — Di.) and (D, — D,) were always 
greater than 1 in. and if the length of the drill collars 
did not exceed that required to place 80,000 lb on the 
bit in 12-lb/gal mud, then the maximum variation in 
A or B from the tabulated values was less than 8 per 
cent at a depth of 12,000 ft. Thus, the numerical values 
of A and B as tabulated may be used with confidence 
for the drill strings and casing strings most often used 
in the field. 


The parameter D, is an empirically determined effec- 
tive outer diameter of the pipe string. For casing strings, 
it was found that this empirical value was nearly identi- 
cal to the average diameter of the pipe and collars. 


Di 


Because of the larger clearance, however, D, of drill 
strings turned out to be quite insensitive to usual varia- 
tions in drill strings of a specific nominal size Fig. 11 
is a graph of (D, — D,.) vs D, for 34%2- and 5-in. nomi- 
nal drill strings. — 


D, = 


Open Pipe 
The approximation is completed by modifying Eqs. 
19 and 20 for closed pipe string to cover open pipe 
strings. The modification is as follows. 
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For laminar flow—open pipe, 
For turbulent flow—open pipe, 
P, App’ 21 Gert 
where the coefficients of the openings, a and f, are 
used to adjust the closed-pipe equations for open pipe. 
The values of a and # are plotted in Figs. 12 and 13 
as a function of hole sizes for various nominal casing 
and drill-pipe sizes. A 1¥%-in. orifice was assumed to 
represent all fill-up devices used on casing strings. For 
drill-pipe strings, three-nozzle jet bits whose nozzles 
varied in sizes from 4% to 9/16 in, were used as orifices. 
In general, the sizes of the jet nozzles were found not 
to affect appreciably the calculated surge. The a and £ 
plotted for drill pipe were obtained from calculations 
using %- or 7/16-in. diameter jet bit nozzles as orifices. 
Calculations of cases with the same mud and pipe 
geometry showed that the mud flow regime in the an- 
nulus of open pipe may be laminar but may shift to 
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turbulent when the pipe string is closed, even though 
the pipe velocity is decreased simultaneously from an 
average maximum value of 420 ft/min to 340 ft/min. 
Thus, the utilization of the pipe velocity as an a priori 
basis for determining the flow regime of the mud is not 
valid. To find the actual surge pressure, both the laminar 
and turbulent flow equations should be evaluated at the 
same velocity. From the graphical representation of the 
approximate equations in Fig. 8, the larger of the two 
values correctly describes the flow regime and the surge 
pressure. 


The equations for laminar flow, Eqs. 19 and 22, were 
evolved assuming the mud to be an ideal Bingham 
plastic. Actually, the mud which is displaced by the 
moving pipe has a fairly well developed gel strength. 
Kruyt™ has shown that this is due to the thixotropic 
character of the clay suspension. Because the gel was 
allowed to develop approximately three minutes be- 
tween casing movement, in the calculations described 
herein, the three-minute gel strength € has been used 
in lieu of 7. 


Comparison of Approximate Surge-Pressure 
Predictions with Measurements 


The maximum values of positive pressure surge meas- 
ured with the casing open and closed are compared in 
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Fig. 14 with the value of surge pressure predicted by 
the approximate equations. The comparison of the pre- 
dictions with the measurements are excellent for both 
open and closed pipe strings. Deviations between the 
two values of pressure surges are within tle experi- 
mental precision of the measurements. 


CONCLUSIONS 


1. A quantitative, theoretical description of surge 
pressures generated by pipe movement in a mud-filled 
wellbore has been developed and verified by experi- 
mentation. 


2. The theory correctly predicts the existence and 
magnitude of various positive and negative peaks due 
to gel breaking, inertia and viscous drag of the mud. 


3. When running drill pipe, or casing without fill-up 
devices, the surge due to viscous drag is usually largest 
and, therefore, most important. 


4. Simple, approximate equations were developed to 
predict the viscous-drag surge, and the predictions were 
found to be within experimental accuracy. 
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NOMENCLATURE 


= empirical geometry coefficient, turbulent flow 


acceleration of pipe, ft/sec* 

empirical geometry coefficient, laminar flow 
inside diameter of pipe, in. 

inside diameter of hole, in. 

outside diameter of pipe, in. 


= outside diameter of casing coupling, in. 


outside diameter of tool joint, in. 


= outside diameter of drill collar, in. 


outside diameter of rubber casing-protector 
bushings, in. 

empirical effective pipe string outside diam- 
eter, in, 

friction factor 

acceleration of gravity, ft/sec” 

length of pipe section, ft 

pressure, psi 

annulus pressure, psi 

pipe bore pressure, psi 

pressure surge, psi/1,000 ft of pipe 


pressure gradient, psi/ft 


mud flow in annulus measured with respect 
to the fixed wall of the hole, ft*/min 

mud flow in pipe bore measured with re- 
spect to pipe walls, ft*/min 


= Reynolds number 


plasticity 


= effective annulus mud velocity, ft/min 


effective pipe-bore mud velocity, ft/min 
annulus component of mud velocity due to 
displacement, ft/min 

annulus component of mud velocity due to 
moving surface, ft/min 


= velocity of pipe, ft/min 


empirical opening coefficient, turbulent flow 
empirical opening coefficient, laminar flow 
fluid conductance 

mud weight, 1b/gal 

yield point, 1b/100 ft’ 


= plastic viscosity, ¢p 

gel strength, 1b/100 ft’ 

€, = initial gel strength, 1b/100 ft’ 

€, = three-minute gel strength, 1b/100 ft 
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ABSTRACT 


This paper reports the results of an investigation into 
the use of steam as a recovery agent. 


High oil recoveries by steam, as much as 100 per cent 
greater than by water flood, were demonstrated in lab- 
oratory linear cores. The principal mechanisms respon- 
sible for the additional oil have been identified as (1) 
thermal expansion of the oil, (2) viscosity reduction and 
(3) steam distillation. Although the first two also en- 
hance recovery by hot water flood, they are effective 
with steam injection at lower volumes of produced 
fluids. Steam-zone residual oil saturation is independent 
of initial saturation. Recovery by steam is greater for 
lighter oils because they contain a greater fraction of 
steam-distillable components. 


Equations for the steam-zone advance in a radial 
homogeneous system are presented; these show the 
effect of reservoir parameters. The displacement in the 
hot liquid region moving ahead of the steam front can 
be estimated by a calculative procedure which is sug- 
gested. The method which takes account of the temp- 
erature gradient is applicable also to a regular hot water 
flood. 


INTRODUCTION 


Considerable industry interest in the application of 
heat to petroleum reservoirs as a means of increasing 
oil recovery has been evident in the past few years. 
Three thermal methods which have attracted interest 
are (1) the injection of saturated steam, (2) the in- 
jection of hot water and (3) the injection of air into a 
formation to support combustion within the reservoir. 
Much has been published in recent years on under- 
ground burning, and there have been several papers on 
hot water injection.*””” Although there are several early 
reports’” on steam injection, no recent experimental 
studies have been published on this recovery method. 

In our early thermal methods research, a marked 
improvement was found in oil recovery by steam in- 
jection compared with recovery by water injection in 


Original manuscript received in Society of Petroleum Engineers 
office July 14, 1960. Revised manuscript received June 1, 1961. 
Paper presented at 25th Annual Fall Meeting of SPE, Oct, 2-5, 
1960, in Denver. 


8Referenres given at end of paper. 
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the same system. An investigation subsequently was 
undertaken to obtain quantitative information from 
which to evaluate steam injection as an oil recovery 
method. In addition, it was desired to investigate the 
recovery mechanism of hot water as compared with 
that of “cold” water and steam injection. An under- 
standing of the mechanisms by which these processes 
operate would generally define favorable field conditions 
for their successful application. This paper reports 
the results of the laboratory study and suggests calcula- 
tive approaches to estimate the field behavior of the 
steam-injection process. 


EXPERIMENTAL METHOD 


EQUIPMENT 

A schematic diagram of the equipment used for the 
displacement tests is shown in Fig. 1. Essentially, it 
consisted of a core with suitable means for recording 
temperatures, a feed system for injecting steam or cold 
or hot water, and a receiving train for condensing, cool- 
ing and measuring produced fluids. 

For the steam experiments, air-free saturated steam 
was piped from the boiler to the core face in insulated 
lines that were provided with steam traps and bleeds to 
remove any condensate formed in the lines due to heat 
losses. A 12-in. section of the line immediately ahead of 


Fic. 1—Scuematic Diacram or Test Core, SHow1nc: (A 
THroucH H) (1) Atr-FREE SATURATED 
Steam, (2) Insutation, (3) BLEED on Linz, (4) INLET 
Pressure Gauce, (5) Core Hotper, (6) Automatic BLEED 
AT Core Inuet, (7) Pressure Gauce, (8) CoNDENSER 
AssemBLY, (9) Back-PrEssuRE REGULATOR AND 
(10) CoLiection GRADUATE. 
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the core was wrapped with heating tape and maintained 
a few degrees above saturated steam temperature to pre- 
vent steam condensation between the last bleed and the 
core face. 


For the hot-water runs, a heat exchanger was em- 
ployed for heating distilled water to input temperature. 
In these tests, the core pressure was maintained suffi- 
ciently high to insure an all-liquid system at the operat- 
ing temperature. 


A Bausch and Lomb single-scale refractometer was 
used to obtain the composition of produced white oils, 
and either a pycnometer or an API hydrometer was 
used to measure the gravities of the produced crude 
samples. In most of the viscous oil experiments, after 
condensate breakthrough the oil was produced in the 
form of an emulsion. These emulsions were broken by 
centrifuging or through the use of chemicals or heat. 
Emulsions also often were produced while water flood- 
ing the viscous oils. The steam-produced emulsions, 
however, were somewhat harder to break. 


TEST CORES 

Cylindrical cores of several sizes and mounted in 
various containers were used for the experiments. Test 
core properties, dimensions and mountings are sum- 
marized in Table 1. All core mountings were insulated 
to reduce heat losses to the ambient air. 


Cores 1 through 8 were used for the recovery of 
Primol and four different crude oils. Core 9 was used 
exclusively for the white-oil tests, Core 10 with both 
white and crude oils, and Cores 11 and 12 for crude- 
oil displacements with high-pressure steam. 


TEST OILS 

Properties of the test oils are shown in Table 2. 
Besides the crude oils, special white-oil mixtures were 
made up to specified distillation qualities. Primol was 
rendered entirely nondistillable at steam test conditions 


by heating it to 450°F and bubbling nitrogen through 
it to strip off any light components that might be pres- 
ent. White-oil blends then were made up from this non- 
distillable Primol and Napoleum, a naptha which is 
almost entirely steam-distillable at steam test conditions. 
When checked by actual steam distillation (90-psig 
steam), the distillates consisted of 100 per cent Napo- 
leum and the residuum of a 97 per cent Primol-3 per 
cent Napoleum mixture regardless of whether the initial 
oil was a 50-50 or a 75-25 blend. In this report, we 
have treated the light component, Napoleum, as being 
100 per cent steam-distillable at steam test conditions. 


EXPERIMENTAL RESULTS 


The laboratory experiments fall naturally into three 
separate groups. The short core tests (Tables 3 and 4) 
demonstrated the greater recovery by steam injection 
and established that the laboratory residual oil satura- 
tion after steam drive is essentially independent of the 
initial water and oil saturations. The second group of 
tests consists of those which were used to determine 
the mechanisms responsible for the higher recoveries by 
hot water injection and steam. These are presented in 
Tables 5 and 6, except for two special tests which are 
reported during the discussion of the data. The third 
grouping is comprised of four runs in Table 7 to check 
steam-drive behavior with high pressure (800-psig) 
steam. Comparative tests were kept on the same basis 
by conducting displacement tests on the same core 
wherever possible. Except for the two special tests, 
wherever a steam displacement followed a hot water 
flood, the cores were allowed to cool to ambient temp- 
erature before starting steam injection. 

In all of the experiments performed, it was observed 
that recovery by injection of hot water was always 
greater than for cold water and that steam-drive re- 
coveries always exceeded both. All three kinds of dis- 


TABLE 1—TEST CORE PROPERTIES 


Mounting 
Core Seal Length 
No. Core Used (cm) 
1 Synthetic Glass 61.7 
(Glass Beads) 
2 Bartlesville A Alum. 11.09 
3 Torpedo A Alum. 30.04 
Bis Warner A Rubb. AS 
5 Warner B Rubb. 16.85 
6 Warner C Rubb. 16.92 
7 Weiler A Rubb. 22.45 
8 Weiler B Rubb. 15.72 
9 Torpedo Lead 91.4 
10 Torpedo Lead 91.4 
11 Torpedo Sand 104.0 
UP? Torpedo Sand 104.0 


*Permeability to oil measured in the presence of interstitial water. 


Permeability Average** 
(md Interstitial 
Area Water 
(cm?) (per cent) Air Water Oil* (% PY) 
45.6 34.0 440 428 385 11.0 
20.42 23.9 149 126 115 37.3 
45.24 29.6 3035 3030 2430 16.9 
19.95 24.3 463 372 305 20.8 
19.95 24.9 542 464 309 AZ5 
19.95 24.0 396 344 253 19.5 
19.95 21.0 197 188 165 2De2 
19.95 19.3 121 116 108 26.4 
182.4 26.2 — 856 600 26.0 
182.4 27.0 —_— 1500 1300 18.5 
182.4 26.0 581 575 
182.4 26.5 — 1064 — 17.8 


**Test cores reduced to interstitial water by flushing with viscous oil. For Cores 9 through 12, the average connate waters are + 1.8, 1.1, 2.3 and 0.9 per 
cent pore volume, respectively, for the maximum variations between tests in the same core. 


TABLE 2—TEST OiLS, WHITE-OIL AND CRUDE-OIL PROPERTIES 


Initial 50 Per Cent Per Cent Per Cent 
Specific Average Boiling Boiling Refractive Distilled** Distilled** 
API Viscosity Gravity Molecular Point* Point* Index at 89-psig 800-psig 
Oil 60° at 80°F (cp) 80°F Weight* (°F) (Mia 74°F Steam Steam 
Primol 138 0.884 420 620 827 1.4800 
Napoleum 1.2 0.780 140 310 340 1.4330 
25 Per Cent 
Distillabte 22.5 0.855 1.4690 
(25% Napoleum: 
75% Primol) 
50 Per Cent 
is Distillable 5.4 0.827 1.4590 
(50% Napoleum: 
50% Primo!) 
21.0 330 928 
vit 12.2 6500 978 15.9 33.0 
34.7 8.0 .844 49.8 — 
’ D 37.0 5.4 .832 55.0 72.6 
E 19.1 420 939 32.0 


*Data on Primol were obtained from distillation 
supplied by the Deep Rock Oil Co. 


data supplied by the Chemicals Research Div., Esso Research and Engineering Co. Data on Napoleum were 


**The volume percentage of the crude which was carried over at water-oil raiios greater thea 500:1 during steam distillation with saturated steam in a 


pressurized flask. 
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placements actually occur, however, during a steam 
flood. Immediately ahead of the advancing steam zone, 
there is a zone of hot condensate which acts as a hot 
water flood, and this is preceded in a sufficiently long 
core by a region of cooled condensate which is a cold 
water drive. To study then what happens during such 
a process, it becomes necessary first to examine the 
reasons for improved recovery by hot water drive. 


HOT WATERFLOOD RECOVERY AND MECHANISMS 

It would appear that the phenomena of viscosity 
reduction and thermal expansion of the oil are respon- 
sible for the improved recoveries in hot water drives. 
To investigate these phenomena, some preliminary tests 
were made in test cores composed of Bartlesville sand- 
stone. The data of Table 3 show that the recovery 
of Primol by steam injection was 67 per cent of the 
oil initially in place. Recovery by water flood of Primol 
was 46.8 per cent of that initially in place. To check 
the effect of viscosity reduction, a water flood was run 
at room temperature with oil having the same viscosity 
as that of Primol (4.7 cp) at steam temperature 


TABLE 3—OlIL RECOVERIES BY STEAM INJECTION AND WATER FLOODING 
INTO SHORT CORES CONTAINING OIL AND CONNATE WATER 


% OOIP Recovered By: 


Test Core Reference Steam 
No. No. Core Oil in Place Water Flood Injection 
1 1 Glass Beads Primol 62.4 80.4 
2 2 Bartlesville SS Primol 46.8 67.0 
3 3 Torpedo SS Primol 60.0 73.1 
4 3 Crude B 77.1 
6 4 Warner SS, A Cone 36.6 82.2 
8 6 SONG 85.3 


TABLE 4—OIL RECOVERIES BY STEAM INJECTION INTO SHORT CORES 
CONTAINING OIL AND MOBILE WATER 


% OOIP Recovered By: Cum. 


Recovery 

Test Core Gas WF Steam Per Cent 
No. Core No. Oil in Place Drive at 80° Drive 
6A Warner 4 Crude E — 36.6" 45.3 81.9 

9 Weiler SS 7 Crude D 20° 5% 43.6 17.1 81.2 
10 7 20.1* 61.6 81.7 
1) 8 48.2 9.4 2325 81.1 


*Gas injection terminated to simulate field recovery by solution-gas drive. 


TABLE 5—OIL RECOVERIES BY STEAM INJECTION INTO TORPEDO CORES 
CONTAINING OIL AND CONNATE WATER 


Oil Recovery 
as Per Cent OOIP By: 


Test Core Viscosity WF Hot WF Steam 
No. No. Oil at 80°F at 80° (330°F) Drive 
13 9 Nondist. white oil 138 49.5 54.8 59.0 
15 9 25% dist. white oil 22.5 — 54.8 76.0 
16 9 50% dist. white oil 5.4 56.0 58.0 83.9 
18 9 Crude B 6500 — — 73.8 
19 10 Crude B 6500 45.0 59.8 — 
20 9 Crude C 8.2 60.0 67.0 91.8 


TABLE 6—OIL RECOVERY BY STEAM INJECTION INTO TORPEDO CORES 
CONTAINING WATERFLOOD RESIDUAL OIL AND MOBILE WATER 


Pe; Cent OOIP Recovered By: 


Cum, 

Des. Core Cold Hot WF Steam Oil Recovery 
No. No. Oil WF (330°F) Injection Per Cent OOIP 
13A 9 Nondistill. 49.5 —_ 8.4 57.9 

14 9 Nondistill. — 54.8 Sel 57.9 

15A 9 25% Distill. — 54.8 20.7 75.5 

16A 9 50% Distill. — 58.0 25.1 83.1 

20A 9 Crude C — 67.0 24.7 D1! 

21 10 Crude B 59.8 71.0 


TABLE 7—OIL RECOVERY BY 800- AND 84-PSIG STEAM INJECTION IN 
TORPEDO CORES CONTAINING CRUDE OIL AND CONNATE WATER 


Per Cent OOIP Recovered By: 
520°F 520°F 330°F 330°F 


No. Core Hot (800-psig) Hot (84-psig) 
Test No. Oil WF Steam Drive WF Steam Drive 
22 1 Crude 68.7 Ng 

23 D FAO: 97.6 

24 12 te) 66.0 77.6 

25 68.7 84.0 
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(325°F). The recovery of the low-viscosity oil by water 
flood at room temperature was 52.1 per cent of that 
initially in place, thus indicating the effect of viscosity 
reduction. 

The influence of thermal expansion on the recovery 
process was next considered. Primol expands approxi- 
mately 5 per cent upon heating from room temperature 
to 212°F, and about 10 per cent upon heating from 
rooin temperature to 325°F. These values, when applied 
to the residual oil after water flood, would indicate that 
3 per cent additional oil would be recovered by ex- 
pansion or swelling at 212°F, and 5 per cent at 325°F. 
Based on viscosity reduction and oil expansion, the re- 
covery by water flood at 212°F was predicted as 55 
per cent of that initially in place (52 per cent plus 3 
per cent). An experimental water flood of a Bartlesville 
core containing Primol preheated to 212°F gave a 
recovery of 55.5 per cent of the initial hydrocarbon in 
place, which is in good agreement with the predicted 
recovery. 

The effects of these two mechanisms can be also 
seen through inspection of the hot and cold waterflood 
curves of Figs. 2 and 3. Terminal recoveries (at 500:1 
water-oil ratios) by hot water flood were 5 per cent 
and 2 per cent greater for the nondistillable and 50-50 
blend, respectively. The improved performance, how- 
ever, is much more noticeable in the early stages of the 
tests, i.e., from 0.1 to 4 pore volumes (PV) in Fig. 2 
and 0.2 to 2 PV in Fig. 3. 

The reason for the more efficient displacements of 
the distillable oil by either hot or cold water is apparent 
in Table 8 which shows the significantly lower oil-water 
viscosity ratios for the 50-50 mixture. 


In Table 8, one sees also that the viscosity ratio for 
the 50 per cent distillable oil is only slightly changed, 
from 5.4 to 4.1, during the hot water flood. Accord- 
ingly, the history of the hot water flood is quite similar 
to that of the cold water flood conducted entirely at a 
viscosity ratio of 5.4. On the other hand, in the case of 
the nondistillable oil, the marked improvement in vis- 
cosity ratio (from an initial 138 to 16) allows the hot 
water flood to show a great improvement in flooding 
efficiency, particularly at low throughputs. 


The comparison of Figs. 2 and 3 suggests that hot 
water injection, as compared with cold water injection, 
has its main advantage with heavier oils where viscosity 
reduction would result in considerably improved recov- 
eries at economical field throughputs. It should be recog- 
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nized, though, that the highest economical field, water- 
oil producing ratio in the case of hot water will be less 
than for cold water flooding because the per-barrel costs 
of hot injection water will be greater. Thus, a 50:1 
economical water-oil ratio cut-off on a cold water flood 
might, for example, correspond to an economical cut- 
off ratio on a hot water flood of 25:1. In the case of 
the nondistillable oil, the cold waterflood recovery at 
50:1 was 43.0 per cent of the oil in place, while the 
hot waterflood recovery at 25:1 was 51.0 per cent of 
the oil in place. In the hot water flood, an extra 2.6 per 
cent of the initial oil in place was recovered during the 
time in which the producing water-oil ratio rose from 
25:1 to 50:1. This extra oil could be nonrecoverable 
in the field since it might not be economical to continue 
the hot water flood beyond a 25:1 water-oil ratio. 


The same general observations on cold and hot water 
injection drawn from the white-oil tests apply also to 
similar tests with Crudes B and C. The initial viscosi- 
ties of the Crude C (8.2 cp) and the 50-50 white-oil 
blend (5.4 cp) are about the same; consequently, their 
floods are quite comparable. As would be expected, the 
very viscous Crude B (6,500 cp) is influenced relatively 
much more by the higher-temperature flood than the 
nondistillable white oil (138 cp). 

To predict the ultimate recovery from a hot water- 
flooded core, we suggest this procedure: (1) in a regular 
laboratory cold water flood, determine the recovery for 
the viscosity ratio that would exist at hot-water injection 
temperature; and then (2) add to this value the addi- 
tional recovery by thermal swelling of the waterflood 
residual oil. 


STEAM-DRIVE RECOVERIES 

A number of core-oil systems were considered in 
the investigation of oil recovery by steam injection. For 
the short core tests reported in Tables 3 and 4, eight 
separate cores were used with five different oils. Further 
data on steam recoveries were obtained on the large 
Torpedo cores employed in the mechanism tests. With- 


JULY, 1961 


TABLE 8—OIL VISCOSITY-TO-WATER VISCOSITY RATIOS FOR NONDIS- 
TILLABLE AND 50 PER CENT DISTILLABLE OILS DURING 
COLD AND HOT WATER FLOODS 


Hw to Ho Ho Ho/ 

cp at cp at cp at cp at at at 
Water Flood Oil 80°F 330°F 80°F 330°F 80°F 330°F 
Cold (80°F) Nondist. 7.0 — 138 _ 138 _ 
Hot (330°F) —Nondist. — 0.15 — 2.4 — 16 
Cold (80°F) 50% Dist. 1.0 — 5.4 — 5.4 _— 
Hot (330°F) 50% Dist. 0.15 0.62 4.1 


*It should be recognized that the viscosity ratio at the beginning of a 
hot water flood is that of the cold water flood. The ratio decreases to that 
shown as the core is heated by the injected 330°F hot water. 


out exception, the results demonstrate that oil recoveries 
by steam drive are greater than for cold or hot (same 
temperature as steam) water injection into the same 
system. 


Recoveries of 75 to 85 per cent of the initial oil in 
place are reported in Table 3 for steam floods of cores 
containing crude and connate water. A similar flood 
of Crude C (Table 5) gave approximately 92 per cent 
recovery. For systems where reference water floods 
(80°F) were performed, oil recoveries by steam were 
from 20 to more than 100 per cent greater than for the 
water floods. The results of the mechanism experiments 
display, in like fashion, the superiority of steam in 
achieving high ultimate recoveries from cores. 

Following some of the cold and hot water floods, 
steam was injected into the watered-out cores containing 
waterflood residual oil and mobile water. In the case 
of the hot water floods, the core was cooled prior to 
steam injection. Results of these tests are presented in 
Tables 4 and 6. In all cases, extra oil was recovered 
by steam injection. Furthermore, the combined hot or 
cold waterflood recovery plus steam-injection recovery 
agreed, within experimental error, with the recoveries 
obtained by steam injection into the core initially sat- 
urated with oil and connate water. The analyses of the 
produced oil indicated that the composition was very 
similar to the case of the cores containing mobile and 
connate water. The combination of these observations 
indicates that the residual oil saturation following steam 
injection is independent of the initial state of the test 
core, i.e., whether the core contains a high oil satura- 
tion with connate water or a relatively low saturation 
from a preceding hot or cold water flood. 


STEAM-DRIVE RECOVERY MECHANISMS 

Since a hot water flood effectively is a part of a 
steam drive, the thermal phenomena connected with 
the former are, likewise, associated with the latter. The 
still better recoveries that result from steam injection 
are then the result of several other mechanisms, the 
principal one being steam distillation. Some small ad- 
ditional benefit also occurs, as will be shown, from 
solvent extraction and gas-drive effects. 


VISCOSITY REDUCTION AND THERMAL SWELLING 

The effect of these mechanisms is even more evident 
with steam than with hot water when the oil recoveries 
are plotted vs produced fluids, as in Figs. 2 through S. 
Since steam was considered as the equivalent volume 
of condensate in making these drawings, the effect of 
lowered viscosity and swollen oil is observed much 
earlier in the produced fluid history because the heat- 
ing value for a pore volume of steam (as condensate) 
is four to five times greater than that of the equivalent 
volume of hot water. 


STEAM DISTILLATION 
Steam distillation is defined as the vaporization of a 
portion of the residual oil left by the hot-condensate 
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water flood moving ahead of the steam zone. The dis- 
tillable portions of the oil are the light components, 
which possess a high vapor pressure as compared with 
the heavy ends. The mixture of steam and oil vapor 
resulting from the distillation is pushed ahead until a 
cooler portion of the rock is encountered and both 
the oil and water vapor are condensed. 


The effect of steam distillation can readily be seen 
by a comparison of the recoveries of the three white- 
oil blends shown in Table 5. It will be recalled that 
these test white oils were blends of nondistillable oil 
and an essentially completely steam-distillable oil, with 
330°F saturated steam. The oil recovery by steam in- 
jection increased from 59.0 per cent of the initial oil 
in place in the case of the nondistillable oil to 76.0 per 
cent with the 25 per cent distillable oil, and to 83.9 
per cent in the case of the 50 per cent distillable oil. 
Most, but not all, of this recovery was due to steam 
distillation because a change in the distillation property 
was the principal parameter varied among the three 
test oils. 


GAS-DRIVE AND SOLVENT-EXTRACTION EFFECTS 

In the steamed-out region of a core, the steam moves 
as a vapor, but with an increasing fraction condensing 
to supply the external heat losses. In effect, then, in 
the steam zone a simultaneous gas-water drive of a 
hot-watered-out core is taking place. The effect of this 
action was demonstrated after a 330°F hot water flood 
of the nondistillable oil. This flood recovered 54 per cent 
of the oil in place at a terminal water-oil ratio of 1000:1. 
With the core still hot, 330°F nitrogen was injected in 
alternate slugs with 330°F water. The purpose of the 
nitrogen was to simulate steam as a gas and produce 
a three-phase flow in the core. Recovery from the 
watered-out core by alternate hot water-nitrogen slugs 
was an additional 3.0 per cent of the initial oil in place. 


The quantitative effects of the mechanisms discussed 
so far are not sufficient to account for all of the observed 
steam-recovery improvements. This is shown in Table 9 
which tabulates the predicted and actual recoveries. 

In the case of the nondistillable oil, the agreement 
between the observed and predicted values is considered 
to lie within the range of experimental accuracy and 
reproducibility. We feel, accordingly, that the gas- 
drive effects are entirely responsible for the improved 
recovery by steam injection over hot-water injection re- 
covery with the nondistillable oil. 


For the distillable oils, we believe that recovery is 
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TABLE 9—ACTUAL STEAM RECOVERIES COMPARED TO PREDICTED 
RECOVERIES WITHOUT SOLVENT EXTRACTION 


Recovery—Per Cent of Oil in Place 


Non- 25 Per Cent 50 Per Cent 
distillable Distillable Distillable_ 


Hot Waterflood Recovery (Table 5) 
(includes viscosity reduction and 


swelling) 54.8 54.8 58.0 
2. Extra Recovery Due to Gas-Drive 

Effects 3.0 3.0 3.0 
3. Extra Recovery Due to Distillation* —_— 10.5 19.5 
4. Predicted Reccvery Based on Above 

Mechanisms 57.8 68.3 80.5 
5. Actual Recovery by Steam (Table 5) 59.0 76.0 83.9 
6. Unexplained Recovery (Line 5 minus 

Line 4) 1.2 Tad, 3.4 

*(Per cent of oil which is steam-distillable) x [100 — (Line 1 + 


Line 2)] 


aided by solvent extraction of the original oil in the 
core just ahead of the steam zone where liquid water 
and oil are enriched in light components by the con- 
densed products of the steam distillation. The lighter 
hydrocarbons will mix with the oil, reducing its viscosity 
and resulting in a lower hot waterflood residual than 
is represented by the original oil at steam temperature. 
As the steam zone advances, a greater and greater per- 
centage of the oil saturation immediately ahead of the 
steam zone will be composed of light hydrocarbons. The 
lighter ends remaining in the hot waterflood residual 
oil will subsequently be moved ahead again by dis- 
tillation as the steam zone advances. 

The effect of the steam distillation and light oil-bank 
build-up on the produced oil analyses is apparent in 
Fig. 6. It can be seen that the light oil bank exists as a 
liquid in the core, since the produced fluids get richer 
in the light components before steam breakthrough at 
the producing end of the test core. 


The quantitative effect of solvent extraction is not 
so easily demonstrated as the other mechanisms, but it 
almost surely aids recovery. Assuming that it does and 
if these light ends were withdrawn as vapors before 
condensation, no solvent extraction would result. There- 
fore, even with a distillable oil, observed recovery should 
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check within experimental accuracy and reproducibil- 
ity with predicted recovery based only on the other 
mechanisms. 


Such an experiment was performed in Torpedo Core 
10 with the 50 per cent distillable oil. This core, while 
similar to Core 9 in which most of the comparative 
tests were performed, had slightly better waterflood re- 
covery characteristics; consequently, Core 10 data should 
not be compared with Core 9 data except with respect 
to mechanisms. In this test, the 330°F hot water flood 
was immediately followed by the injection of 330°F 
steam. Neither the steam nor the light hydrocarbon 
vapor resulting from steam distillation was condensed 
because the core was already at steam temperature. Al- 
though in principle some mass transfer of light end 
from yas to liquid phases could have occurred, no 
liquid light-hydrocarbon bank was formed. Recovery of 
the hot water flood was 64 per cent, and subsequent 
steam injection into the hot core resulted in an added 
19 per cent hydrocarbon volume recovery. Table 10 
presents an analysis for this experiment similar to 
Table 9. The difference in predicted and observed re- 
covery lies within the experimental accuracy. 

This experiment confirms that the steam distillation 
and gas-drive effects are sufficient to explain the greater 
recovery of a distillable oil by steam injection than by 
hot water injection when the distillation products are 
not allowed to condense to form a light-hydrocarbon 
bank. We believe that the unexplained recoveries shown 
in Table 9 for the 25 and 50 per cent distillable oils 
are due to solvent extraction by light-hydrocarbon va- 
pors as they condense ahead of the steam zone and 
dissolve in the residual oil. The apparent recovery by 
solvent extraction is larger for the 25 per cent distillable 
blend (7.7 per cent) than for the 50 per cent distillable 
blend (3.4 per cent). We have no clear explanation 
for this. Solvent extraction is also supported by a com- 
parison of the analyses of the oil produced by steam 
injection into hot and cooled cores after hot water flood- 
ing. The oil produced during steam injection into the 
hot core following the hot water flood was almost en- 
tirely Napoleum (97 per cent). This was not the case 
in the experiment in which steam was injected in cool 
Torpedo Core 9 containing hot-waterflood residual (50 
per cent distillable) oil. With the cool core, a liquid 
hydrocarbon bank forms (Fig. 6), which shows that 
the produced oil at various stages of the experiment 
contained from 50 to 97 per cent Napoleum. 


HIGH-PRESSURE STEAM RECOVERY 
Several further tests were performed to determine 
whether the same mechanisms responsible for high re- 
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covery by low-pressure steam would also apply to high- 
pressure steam. Four displacements were conducted to 
compare recoveries by 800-psig (520° F) with 84-psig 
(327°F) steam. A light (37° API) and a heavy (12.2° 
API) crude oil were used for these tests, and a resume 
of their viscosity and thermal-swelling characteristics is 
given in Table 11. 

Greater recoveries were obtained with high-pressure 
steam for both oils, and these values are given in Line 
4 of Table 12 which is a tabular analysis of the re- 
covery mechanisms. The improved recoveries for the 
light and heavy crudes appear to be the result primarily 
of the increased temperature associated with the high- 
pressure steam. The fraction of the crudes distillable 
at the elevated temperatures was 72.6 per cent for 
Crude D and 33 per cent for Crude B. This represents 
a substantial increase from the corresponding values 
of 55 and 16 per cent with 327°F steam. 


Steam at both high and low pressures recovered more 
oil than accounted for after including the benefits of 
viscosity reduction, thermal swelling and steam dis- 
tillation. The unaccounted-for recovery is from 5 to 6 
per cent and is attributed to gas-drive and solvent- 
extraction effects. The differences are reasonably con- 
sistent for both steam pressures and are approximately 
equal to the values assigned to these same mechanisms 
in the white-oil mechanism studies. 


CORE THERMAL BEHAVIOR 

The rate of steam-front advance and the heat require- 
ments depend upon heat losses and the heat storage 
capacity of the test core. Table 13 summarizes the 
weights, heat capacities and thermal conductivities of 
Cores 9 and 10. 

During the experiments, temperatures were measured 
at various positions on the core axis and used to deter- 
mine the thermal behavior of the core. Temperature 
profiles measured in Core 9 during a hot water flood 
and during steam injection are shown in Figs. 7 and 8. 
The heat capacity of the sandstone in Core 9 was 54 


TABLE 10—PREDICTION FOR STEAM INJECTION IMMEDIATELY 
FOLLOWING A HOT WATER FLOOD 


Torpedo Core 10 with 50 Per Cent Per Cent 
Distillable White Oil Hydrocarbon Volume 

1. Hot Waterflood Recovery 64.0 

2. Extra Recovery Due to Gas-Drive Effects 3.0 

3. Recovery Due to Distillation* 16.5 

4, Predicted Recovery Based on 1, 2, and 3 83.5 

5. Actual Observed Recovery 83.0 


*0.50 X [100 — (64.0 + 3.0)] + 16.5. 


TABLE 11—EFFECT OF TEMPERATURE ON OIL VISCOSITY, OIL-WATER 
VISCOSITY RATIO AND OIL SWELLING 


‘Oil-Water Swelli 
Oil Viscosity (cp) Viscosity Ratio 
SE Crude D Crude B Crude D Crude B Increase 
80 5.4 6500 6.0 7200 0 
327 cats) 7.0 2.0 40 10 
520 .14 0.5 Mes: 5 18 


TABLE 12—EVALUATION OF MECHANISMS CONTRIBUTING TO STEAM 
R 


ECOVERY 
Recovery Per Cent Initial Oil in Place 
Core 11 Core 12 
‘Crude D Crude B 


(520°F) (327°F) 
Steam Injection Pressure (psig) 800 84 


1. Hot Waterflood Recovery (in- 
cludes viscosity reduction and 


(52078) (3272 
800 84 


swelling) 71.0 68.7 68.7 66.0 
la. Recovery Due to Gas Drive 3.0 3.0 3.0 3.0 
2. Extra Recovery Due to Steam 

Distillation 18.98 15.6 9.3¢ 4.94 
3. Predicted Recovery Based on 

1, la and 2 ( 92.9 87.3 81.0 73.9 
4. Actual Recovery by Steam 97.6 91.9 84.0 77.6 
5. Recovery Improvements Due to 

Solvent-Extraction Effects 4.7 4.6 3.0 SZ 


a(0.26 X 0.726) »(0.283 <x 0.55) ¢(0.283 X 0.33) 9(0.31 0.159) 
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per cent of the total heat capacity of the system includ- 
ing the lead, steel and fiber-glass insulation. Experi- 
ments were run with a 40-psi pressure drop across the 
core which initially contained connate water and 25 
per cent distillable oil. The temperature profiles show 
the more rapid heating which occurred during steam 
injection and demonstrate that steeper temperature pro- 
files are present in the case of steam injection because 
steam can lose heat at constant temperature as it con- 
denses. The volumes of fluid produced during the tests 
as a function of time are shown in Fig. 9. 


The rate of steam-front advance is different in the 
laboratory than it is in the field because of different 
confining materials, exploitation times and geometry. 
Equations are set forth in the remainder of the paper 
which may be used to predict the steam-zone growth 
and oil-production history for field conditions. 


METHOD FOR ESTIMATING STEAM-DRIVE 
PERFORMANCE 


The steam recovery process may be visualized as 
consisting of three distinct floods. A water flood at reser- 
voir temperature is followed by a hot water flood at 
temperatures varying from reservoir to steam tempera- 
ture. These are followed by the steam-drive proper, 
which recovers additional oil mainly by the mechanism 
of steam distillation and partially through solvent-extrac- 
tion and -gas-drive effects. The following procedure is 
suggested to estimate heat requirements and oil re- 
covery for a steam drive. 


STEAM FRONTAL ADVANCE 

The position of the steam front during a steam flood 
in a radial homogeneous system (see Fig. 10) may be 
approximated from energy balance considerations. A 
solution to a basic energy balance has been published 
in a paper by Marx and Langenheim.* Another approxi- 
mation to a radial field system for a constant injection 
Tate is given by 


4 (pep) on 


Fig. 11, which is a graphical representation of Eq. 1, 
may be used to quickly determine R,,°. Eq. 1 may be 
extended to include a variable rate by a superposition 
method as described by Ramey.” 

Still another solution of interest is that in which the 
steam injection rate increases with time to satisfy heat 
losses, resulting in a constant volumetric rate of steam- 
ing out the reservoir; i.e., 7R,,’ = Ct. For this case, 
the steam injection rate required is given by 


Both Eqs. 1 and 2 describe minimum steam-zone radii 
because sensible heat is neglected. However, radial con- 
duction (which is also neglected) would partly reduce 


TABLE 13—THERMAL CONDUCTIVITIES AND HEAT CAPACITIES OF 
CORES 9 AND 10 


Cores 
9 and 10 Specific 
Avg. Wt. Conductivity, Heats 
(Ib) Btu/hr (ft?) (°F/ft) (Btu/Ib) 
Fiber-Glass Insulation 3 .021 
Dry Sandstone 68 1.00 .225 
Stee! Mounting 93 26 
Lead Seat 48 19 .031 
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the conservatism of the estimate of steam-zone size. 

The major variables affecting the advance of the 
steam zone are formation thickness (h), steam injection 
rate (i,,) and steam injection pressure, which affects 
the ratio h,,/(T,, — T,). Consideration of their relative 
effects suggests that thick, relatively shallow and highly 
permeable reservoirs would offer the most promise for 
the steam process. 


HOT WATERFLOOD TEMPERATURE DISTRIBUTION 
An approximate expression for the temperature profile 
ahead of the steam zone may be obtained by writing 
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an energy balance for an idealized system which as- 
sumes that the hot-water region is all at steam temp- 
erature (see Fig. 10). The radius of the hot-water zone 
Ry. May be calculated by using — (hy) in- 
stead of h,, in Eq. 1. An average (pc,) is assumed for 
the combined steam and hot-water zone. 


It appears reasonable to further modify the idealized- 
step temperature profile by a straight line connecting 

2 


12, because this results in the same energy stored in 
the hot-water zone as was the case when the hot-water 
region was considered to be all at steam temperature. 
Further, heat losses from the hot-water zone will be 
similar because the lower average temperature in the 
hot-water region offsets the larger surface area across 
which conductive losses occur. 


RECOVERY PREDICTION METHOD 

The saturation distribution in the waterflood region 
may be calculated by use of Eq. 3, which is the Buckley- 
Leverett" equation applied to a radial system. 


T,, at R,,? with at R,., as shown in Fig. 


(3) 
INJECTION WELL 
Ruot WATER 
RsTEAM 


CONVECTION 


CONDUCTION 


Fic. 10—Sream Injection A RApDIAL SysTEM. 


100 | 


80 


40 

a 


Y | 250 


°9 


cop) 
@ 
re) 


2 
TIME - YEARS 


Fic. 11—VariaTion oF R? witH Time AND RESERVOIR 
PARAMETERS. 


JULY, 1961 


tions of temperature which, in turn, is a function of 
time. Accordingly, the general solution to the equation 


1S 
(©). 


Eq. 4 can most conveniently be solved by a graphical 
integration technique. The straight-line temperature dis- 
tribution (T vs R*) in the hot waterflood region is ap- 
proximated by small constant-temperature steps, shown 
in Fig. 12. The position of these steps with time is cal- 
culated as described earlier in conjunction with Eq. 1 
and plotted as in Fig. 13. The values of Q and 


For the steam process, both Q and ( ) are func- 


Of 
( - ) are next calculated for each isothermal step. 
Of 


The calculation of ( 5 


) is straightforward because 
only the viscosity ratio changes as a function of temp- 
erature. To determine the effective volumetric flow rate 
(Q), it is necessary to consider both the variation of 
the water’s density with temperature and the rate at 
which the steam zone is expanding and displacing water. 
The rate at which the steam volume is displacing water 
is determined by differentiating Eq. 1 with respect to 
time (analytically or by measuring the slope on Fig. 11) 
and multiplying by 7¢h (S,, — AS,). This rate is added 
to the injection rate (i,,). This combined rate is then 
multiplied by the ratio of the density of water at reser- 
voir temperature to the density of water at the temp- 
erature of the isothermal region. Mathematically, 


Cay ot 


These values are substituted in Eq. 4, which then can 
be solved by a graphical technique illustrated in the 
Appendix. 

This calculational method assumes that the fractional 
flow of water across the steam-zone boundary is equiv- 
alent to the fractional flow of water across an isothermal 
hot-water boundary at steam temperature, which is a 
good assumption for a viscous oil. The effects of vis- 
cosity reduction as a result of steam distillation, which 
are neglected in the development, would tend to increase 
the calculated recovery. 

The oil recovery may be predicted by using the 
saturation distribution previously calculated for the 
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waterflood region and assuming that the saturation in 
the steam-swept region is at a residual value deter- 
mined by laboratory tests. Details are illustrated in the 
Appendix. 


CONCLUSIONS 


1. Laboratory tests show that both hot-water injection 
and steam injection recover more oil than an ordinary 
water flood. 

2. The mechanisms for increased recovery by hot- 
water injection are viscosity reduction and thermal 
swelling of the oil. 

3. Hot water flooding is most attractive with viscous 
oils because the water-oil viscosity ratio is significantly 
reduced at elevated temperature compared to ordinary 
water flood. With low-viscosity oils, the water-oil vis- 
cosity ratio is not greatly different at high temperatures 
compared to reservoir temperature, and recovery bene- 
fits accrue largely due to swelling of the residual oil. 


4. Steam injection results in significantly greater re- 
covery of crude oils than does a hot water flood because 
steam distillation and related gas-drive and solvent-ex- 
traction effects are added to viscosity reduction and 
swelling as recovery mechanisms. Appreciable amounts 
of even low-gravity crude oils are steam-distillable. With 
high-gravity crudes, steam distillation is particularly 
effective and results in high recovery, even though the 
viscosity-reduction mechanism does not contribute great- 
ly to increased recovery. 

5. As a result of steam distillation, the oil produced 
shortly ahead of steam breakthrough has a higher gravity 
than the initial oil in place; similarly, steam residual oil 
will be lower in gravity than the initial crude because 
it has been steam-stripped of light ends. 


6. The residual oil left after steam injection is es- 
sentially independent of the starting oil saturation. 


7. High-pressure (and temperature) saturated steam 
is more effective at recovering oil than is low-pressure 
steam because all the recovery mechanisms are en- 
hanced at high temperature. However, the gain in re- 
covery with high-pressure steam is not so great per- 
centagewise as is the extra heat required to heat the 
reservoir to high temperature. 

8. Because steam has a much higher heat content per 
unit mass than does hot water at the same temperature, 
the mass of water required as steam to accomplish a 
fixed amount of reservoir heating is much less than if 
the water were injected as liquid. Further, temperature 
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profiles in the rock are sharper with steam than with 
hot water. 


9. The heat requirements for exploiting a reservoir 
are virtually independent of the amount of oil in place. 
To minimize heat requirements, exploitation times 
should be short (high injection rates or small patterns) 
and formations should be thick. Good oil recovery per 
barrel of injected steam will depend upon a high initial 
oil saturation per unit of reservoir heated. Because 
interbedded shales will absorb heat but do not contain 
oil, a high percentage of net sand in the formation is 
desirable. 


NOMENCLATURE 


i,, = steam injection rate (B/D as condensate) 
h,, = latent heat of steam at injection pressure 
(Btu/lb) 
h, = enthalpy of saturated water (Btu/Ib) 
h, = enthalpy of saturated steam (Btu/Ib) 
t = time (hr) 


R = radius at time ¢ (ft) 

h = sand thickness (ft) 

p = density (1b/cu ft) 

Cc» = specific heat (Btu/lb °F) 

T = temperature (°F) 

K = thermal conductivity (Btu/hr ft °F) 

a = thermal diffusivity (sq ft/hr) 

C = constant = 7R?/t 

QO = effective water injection rate (B/D) 

= porosity 

f. = fractional flow of water = : 


S = saturation 
S.r = residual oil saturation 
AS, = — t 
= viscosity (cp) 
pe = permeability (md) 


SUBSCRIPTS 
st = steam 
r = reservoir 
OB = overburden 
w = water 
HWF = hot water flood 
i = initial 
cw = connate water 
SZ = steam zone 
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APPENDIX 


PREDICTED RECOVERY FOR STEAM 
PROCESS — EXAMPLE 


To illustrate the method of prediction, the following 
example is given for a radial system having the same 
area as a 0.625-acre five-spot. Assumed reservoir and 
fluid parameters are presented as follows: S,,; = 0.85; 
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Sew = 0.15; T, = 60°F; i,, = 54 B/D (as condensate) ; 
= 340°F; at 60° = 900 cp;’ at 340° 
16.8; po/Mo at 60° = 900; d = 0.23; (S,:).. = 0.50V, 
— linear core data; and (S,,).. = 0.18 V, — linear core 
data. 


The temperature distribution was approximated by 
five isothermal planes between initial reservoir tempera- 
ture at 60°F and steam temperature at 340°F (Fig. 12). 
The position of these planes as a function of time is 
shown in Fig. 13. The effect of the expanding steam 
zone on the average flow rate was determined using 
Eq. 5. This effect was found to be approximately con- 
stant after one year of steam injection and averaged 
3.75 B/D. The effective injection rate uncorrected for 
density change in the hot-liquid region was assumed 


Of» 
to be 57.75 B/D. 
o be / aS, 


then calculated for the five isothermal planes. These 
values then were used with Eq. 4 in a modified Buckley- 
Leverett type of calculation. 


The velocity of the first temperature step at zero 
time defines the limiting condition between the cold and 
hot waterflood regions. All cylinders of constant satura- 
tion which initially flow faster than the leading edge 
of the hot-water transition zone are handled by con- 
ventional’ waterflood treatment. Those saturations satis- 
fying this condition will not be affected by the hot water- 
and-steam flood behind it, except for the small increase 
in flow rate as a result of steam-zone expansion. 

It is necessary to graphically integrate Eq. 4 to deter- 
mine the position of all oil saturations less than this 
limiting condition. An example for S, = 53.5 per cent 
is shown in Fig. 13. In a given isothermal region, these 
cylinders of saturation will have a constant speed (since 

Of w 
O and aS. 
discontinuities are continually slowing down, they inter- 
sect these cylinders of constant saturation. At the inter- 
section point with the discontinuity, the values of 


as a function of saturation was 


are assumed constant). Since the temperature 


(35 and Q used in the calculation are changed 


to correspond to the new temperature plane. This results 
in a smaller slope of the saturation curve as shown in 
Fig. 13. The saturation values obtained by this method 
are then corrected for thermal shrinkage back to initial 
reservoir temperature in each isothermal region. 


The saturation distribution at the end of one year of 
steam injection calculated by this procedure is shown 
in Fig. 14. The dotted line indicates the average satura- 
tion in the steam zone based on linear core data. The 
saturation distribution resulting from a 60° water flood 
at the same input rate is also shown. Fig. 15 shows the 
calculated production histories for the steam flood and 
a 60°F water flood for the same homogeneous reservoir. 
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Determining Areal Permeability Distribution 
by Calculations 


W. D. KRUGER 
JUNIOR MEMBER AIME 


ABSTRACT 


Methods for analyzing flooding or cycling projects 
by means of two-dimensional flow calculations are pre- 
sented in the literature. The use of these methods allows 
the determination of optimum operating conditions for 
such projects and provides information on pattern effi- 
ciencies, relative flow rates, pressure distributions and 
floodout histories. The accuracy of such analyses de- 
pends on the basic reservoir data employed, especially 
the absolute permeability distribution in the reservoir; 
however, absolute permeability data normally are deter- 
mined from well flow tests and/or core measurements 
and are so limited in quantity and quality that they do 
not adequately describe the reservoir flow properties. 

A calculation procedure is presented for determining 
the areal permeability distribution in the reservoir. Use 
of the procedure allows verification of the basic reservoir 
data through the matching of past reservoir conditions, 
thereby providing proper data for reliable predictions 
of future operations. The calculation procedure is a 
numerical technique based on a mathematical model 
of the reservoir and is designed for solution by means 
of an electronic digital computer. 


Results from field application of this procedure are 
presented. Permeability distributions from measured data 
are compared to those calculated to indicate the need 
for the analysis. Comparisons of field-measured and 
calculated pressure distributions are given to establish 
the validity of the calculation procedure. 


The conclusions of this paper are (1) use of the 
calculation provides data that allow a match of past 
reservoir conditions and thus reliable prediction of future 
operations; and (2) the procedure should, where ap- 
plicable, be used to provide adequate reservoir data 
for use in two-dimensional flow calculations and related 
reservoir analyses. 


INTRODUCTION 


One means of providing more precise engineering 
control over reservoir operations during all stages of 
depletion is to develop some type of model to simulate 
the reservoir, using information developed from the 
behavior of the prototype to predict the performance 
of the actual reservoir. The use of mathematical rather 


Original manuscript received in Society of Petroleum Engineers 
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than physical models for this purpose has been gaining 
in importance recently because of the application and 
availability of electronic computers. Mathematical 
models avoid instrumentation difficulties and allow 
easier handling of large-scale problems. At present, 
analyses employing two-dimensional models are com- 
mon, and thought is being given to the use of models 
in three dimensions. The use of multi-dimensional 
models is necessary to show not only what is occurring 
in the reservoir, but also where in the reservoir the 
phenomena of interest are taking place. 


Methods for analyzing flooding or cycling projects by 
means of two-dimensional numerical models are pre- 
sented in the literature.“* The use of these methods 
allows the determination of optimum operating condi- 
tions for such projects and provides information on 
pattern efficiencies, relative flow rates, pressure distri- 
butions and floodout histories. The applicability of num- 
erical models and the results of using such analyses have 
been presented through field examples.“ The references 
indicated here discuss fully the data necessary to build 
the mathematical reservoir model and the way the model 
is used to study or predict the future performance of the 
reservoir. 


The accuracy of the analysis of such projects de- 
pends on the basic reservoir data employed in the 
construction of the model. In order to be sure the 
model represents the reservoir, it must be used to match 
some known set of reservoir conditions, i.e., to match 
past reservoir performance. The accuracy of the model 
is directly dependent upon the absolute permeability 
distribution in the reservoir; however, absolute permea- 
bility data are normally determined from well flow tests 
and/or core measurements, and are so limited in quan- 
tity and quality that they do not adequately describe 
the reservoir flow properties. There is always the need 
for better data and for verification of existing data. 


The purpose of this paper is to show the use of the 
mathematical model to match past performance in flood- 
ing or cycling projects, the use of numerical techniques 
to adjust the basic absolute permeability data if neces- 
sary so that a match is obtained, and in this way to 
generate the effective areal permeability distribution of 
the reservoir. A review of the basic concepts of the 
numerical model will be given, followed by a discussion 
of the data-adjusting technique for matching past per- 
formance. Two field examples will be cited to show 


\References given at end of paper. 
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the application of these methods to actual reservoir 
problems. 


THE MATHEMATICAL MODEL 


The problem of representing the reservoir with an 
appropriate two-dimensional numerical model has been 
discussed fully in the literature;’> however, a review 
of the mechanics of a model is in order here to provide 
the background necessary for complete understanding 
of the work presented in this paper. 


One requirement of the model is that an adequate 
description of the reservoir mechanism be formulated 
into a basic differential equation describing the process. 
Normally, in flooding or cycling calculations, it is as- 
sumed that a distinct interface is formed at the flood 
front and a single fluid (either the displacing or native 
fluid, respectively) is flowing in the regions behind or 
ahead of the front. In addition, both the native and the 
displacing fluids are assumed to be incompressible, and 
the effects of gravity are neglected. These assumptions 
allow the use of Laplace’s equation modified to handle 
variable coefficients as the basic equation, which is as 
follows. 


0 (kho 0 (kh o 
Ox dy\ oy 


where x and y are the space co-ordinates of the model. 


Solution of this two-dimensional equation for the 
reservoir pressure distribution can be achieved by 
various numerical means which employ finite-difference 
equations; the method used in connection with the work 
of this paper is the alternating-direction implicit pro- 
cedure.' Such a solution requires an integration net 
which can be conveniently formed by superimposing 
a grid network over a scaled map of the reservoir, as 
illustrated in Fig. 1 taken from the literature.” Values 
for pressure at each point of the grid result from the 
solution of the equation for any particular set of 
conditions. 


The grid or integration net is also used as the base 
for defining the physical characteristics of the reservoir. 
From the best data available, isopachous and isopermea- 
bility maps are drawn from which values of reservoir 
thickness and absolute permeability can be assigned to 
each grid point. In addition, values of viscosity of the 
reservoir fluid can be assigned to each grid point to re- 
flect the distribution of this flow characteristic. Reser- 
voir boundaries can be formed by assigning zero per- 
meability to all grid points outside the region of flow. 
The effects of sinks or sources of flow in the model 
caused by wells, natural water influx, or other phenom- 
ena can be handled by assigning the proper flow rates 
to those grid points at the proper location. In solving 
Eq. 1, the permeability, thickness and viscosity data 
are used as kh/y factors averaged in the direction of 
both space dimensions of the model so as to apply at 
the midpoints of the grid. 

In analyzing a set of operating conditions, the data 
peculiar to those conditions are used to build the model, 
and Eq. 1 is solved for the resulting reservoir pressure 
distribution. With these values for pressure, the com- 
ponent velocities at any position in the model can be 
determined by interpolation of values calculated at the 
grid points by the following pair of equations. 
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where the subscripts x and y denote directions along the 
axes of the grid system. 


The position of any front can then be tracked for a 
series of time steps using the velocities and arbitrary 
time increments. The calculations for new pressures and 
corresponding velocities and front movements are re- 
peated each time an operating situation warrants a 
change in the model (such as shutting-in wells) until 
the study of the set of conditions is complete. The large 
volume of calculations necessary for such an analysis 
demands the use of a large-scale electronic computer. 


CALCULATION PROCEDURE 


In all reservoir analyses, it is desirable to use the 
calculation procedure to be employed for predicting 
future performance to make a study of past history in 
order to be assured of the validity of the calculation 
procedure and of the reservoir data. This is also true of 
the mathematical model, discussed in the previous sec- 
tions, which is to be used to study future operations of 
flooding and cycling projects. In this case, the match 
of past history is made to verify the use of proper data 
in the model, since Eq. 1 and its solution are known 
to be valid. 


Since the solution of Eq. 1 for pressure values is the 
key to the entire analysis, a determination of the validity 
of the model can be made by comparing calculated to 
field-measured pressures at some time in the past. In- 
deed, if the model truly represents the reservoir, pres- 
sures calculated using conditions representative of any 
time in the past should equal field-measured pressures 
throughout the reservoir at that time. Such tests are 
made using the best-known values for the reservoir 
conditions, which include well flow rates and _ field- 
measured pressures for the time in question, along with 
permeability, thickness and viscosity data. In this case, 
field-measured pressure values are assigned to each 
point in the grid in the same fashion as the other data 
by reading from an isobaric map. 


If the two sets of pressures — calculated and actual 
— do not agree, the question then arises as to which 
of the data in the numerical model are incorrect. 
Normally the field-measured pressures used for com- 
parison should prove reliable, as should the values for 
flow rates. The least reliable data are usually thought 
to be those used in the kh/u factors, primarily because 
of the uncertainty of the permeability values. Core 
analyses and/or well flow tests are generally used to 
determine permeability distributions, giving sparse, 
spotty and doubful information which is difficult to 
interpret and to apply to reservoir studies. It should 
normally be expected that adjustments to these data 
will be necessary to properly characterize the reservoir. 

The model can be adjusted to provide a pressure 
match at the given time by changing the kh/p factors 
to the proper values — namely, those which truly repre- 
sent the reservoir. A relation for adjusting the kh/p 
values is as follows. 


Dit | Puy | + 

Here, (a,/a,) is the adjustment parameter at each 
grid point, i and j are location counters in the grid sys- 
tem, n is the iteration counter, and c and a denote 
calculated and actual values, respectively. This relation 
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is not rigorous; rather, it 1s an iterative numerical tech- 
nique based on the simple premise that, if the calculated 
pressure gradient at a point is in some proportion to 
the actual gradient, the actual kh/y value at the point is 
in the same proportion to the assumed kh/» value, and 
corrections can be made accordingly. The proportions 
do not strictly hold since the flow is in two dimensions 
and all points of the grid are interrelated; however, the 
adjustments will yield the proper values by iteration. 


The procedure consists of initialiy calculating pres- 
sures using original kh/y data and adjusting these values 
by means of actual and calculated pressure differences. 
The corrected values are then used to recalculate pres- 
sures, and the actual and recalculated pressure differ- 
ences are used to further refine the kh/y values. The 
latter step is repeated until the desired pressure match 
is obtained. Normally, three or four adjustments are 
sufficient. It was noted previously that the kh/y values 
are averaged to the midpoints of the grid for use in 
solving for pressures; the adjustments are made on data 
at the grid points, with each new set of corrected values 
averaged to the midpoints prior to the pressure solution. 


Similar results can be achieved with other combina- 
tions of pressure differences in the parameter «; how- 
ever, the relation for a given earlier is recommended 
since it provides for rapid and proper handling of the 
conditions at all points, including the sinks and sources. It 


is recommended that ae be limited in value to 0.2 < 


Qe 


< 5.0 for any step to avoid the factor at any point 
Qe 


tending to become unstable or oscillatory during the 
corrections. Notice that the relation for a is independent 
of the method used for solving for pressure; thus, this 
technique may be coupled with any means of solving 

The corrections made to the kh/w factors may be 
thought of as affecting the permeability, thickness and/or 
viscosity data; but it is considered that thicknesses and 
viscosities can normally be defined reliably and that 
permeabilities are the least dependable and, thus, subject 
to the corrections. The final permeability distribution 
can be calculated from the final set of kh/p factors 
since the values for thickness and viscosity are known. 
However, should there be reason to believe that either 
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thickness or viscosity data are the least reliable, a similar 
procedure can be used to determine these values. 


Although this discussion has been along the lines of 
adjustments, with an initial set of permeabilities repre- 
senting the best-known data being required, it should 
be noted that the correction procedure holds for any 
reasonable initial assumption for permeabilities, even for 
a constant value over the reservoir. Thus, the require- 
ment for good initial permeability data for flooding and 
cycling analyses can be greatly relaxed, and the need 
for core and well testing for permeability determination 
can be reduced or eliminated in these cases. 


FIELD EXAMPLES 


In the following discussion the results obtained from 
the use of the permeability calculation procedure for 
two reservoirs being analyzed for floods are given, along 
with illustrations comparing the initial permeability dis- 
tributions derived from the best available test data to 
those distributions determined by calculations. The 
variation between the distributions for each case indi- 
cates the need for better permeability data and the need 
to verify the model to be used in a study. Also, illustra- 
tions of the pressure matches obtained through the use 
of the calculated permeabilities are presented to show 
the validity of the calculation procedure. 


CASE I 

Analysis in this case was for a limestone reservoir 
that had been producing about 10 years. Both water 
and gas-injection projects were being conducted to 
maintain pressure, but a study was undertaken to find 
the optimum injection program for full-scale flooding 
of the reservoir. 


The field engineers associated with this project had 
made exhaustive studies of the operating mechanism of 
the reservoir under the existing gas and water injection. 
Production gas- and water-oil ratios had been resolved 
to reservoir gas and water saturations at various times 
and at the location of wells through relative permeabil- 
ity curves and the proper volume factors. Thus, “‘satura- 
tion contours” over the reservoir could be plotted for 
the various times. Fluid volumes determined by plani- 
metering the saturation contours and isopachous maps 
were balanced against known injection volumes of gas 
and water as a check on the saturation plots. This also 
served as a check on the relative permeability curves 
used to derive the saturation data. From these plots, 
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the positions of the gas and water banks with time 
were known; in addition, the saturation values at any 
point in the reservoir, not just at wells, could be de- 
termined. 


Data on absolute permeability were available for 25 
wells from core tests, and bottom-hole pressures were 
available at the desired time from pressure surveys on 
66 standing or 48-hour shut-in wells. For both sets of 
data, the test wells were located in all parts of the field. 
Standard contouring methods were used to relate these 
data to all points in the field, giving the plots of field- 
measured isoperms and isobars shown in Figs. 2 and 4. 


Because of this work, considerably more than normal 
information was available for this reservoir; conse- 
quently, more than the normal data was used in building 
and checking the model. At the time in the past chosen 
for the match, field-measured pressures, injection and 
production rates, and the saturations at all points were 
known, so that the effects of two-phase flow, varying 
fluid viscosities and gas compressibility could be ac- 
counted for at that particular time. Since the water and 
gas banks were in separate areas of the reservoir and 
the effects of capillary pressure and gravity were neg- 
lected, the kh/u factor of Eq. 1 for this case could be 
replaced by the factor for two-phase flow, 


k B 
ba B, 


The subscript 2 refers to either water or gas, depending 
on which is flowing with the oil at any point. The value 
of B,,,, was determined at the volume-weighted field- 
measured reservoir pressure, and gas volumes at the 
various known pressures could be made relative to this 
standard pressure through the ratio of volume factors. 
Thus, if gas was flowing at a grid point, the proper 
value of B, was used in the two-phase flow factor to 
correct the gas volume for the field-measured pressure 
at that point. If water was flowing at a point, B, was 
set equal to B,.,,, since water and oil were assumed in- 
compressible with no volume correction needed. In this 
manner, all known reservoir flow conditions would be 
properly accounted for when the calculated pressures 
equalled actual field pressures. 

When the numerical model representing the chosen 
time of the past had been assembled, the pressure dis- 
tribution of the reservoir was calculated. These pressures 
failed to match known pressures, so the permeability- 
adjustment technique described previously was em- 
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ployed. After two adjustments of the model, a pressure 
match considered to be satisfactory was obtained. The 
adjustments were applied to the entire flow factors given 
previously; however, the corrected absolute permeabil- 
ities for each grid point could be derived since all other 
parameters of the flow factors were known. Here, per- 
meabilities were considered to be the data most poorly 
defined and most subject to change. Viscosities and 
volume factors were based on known pressures at each 
point; relative permeabilities and reservoir thicknesses 
were previously checked by the volumetric balances used 
to derive the saturation plots. 


An illustration of the original permeability data 
assembled from core tests is given in Fig. 2. These data 
were adjusted to achieve the desired pressure match, 
resulting in the permeability distribution shown in Fig. 3. 
Close comparison of these two plots indicates the great 
difference in the two sets of data, not only in the shape 
and position of the isoperms, but also in the magnitude 
of the values. It is obvious that these two sets of per- 
meabilities would not produce the same result if used 
for predicting future operations; the calculated values 
must be used based on the match of past performance. 
The large difference between the measured and calcu- 
lated values clearly demonstrates the necessity of veri- 
fying the model to be used in a study. It is interesting to 
note that subsequent analysis of the original data in the 
light of calculated permeabilities by field personnel re- 
sulted in logical agreement with the calculated values 
in all areas. 


The comparison of calculated to field-measured pres- 
sures from the final match is given in Fig. 4. It can be 
seen that good agreement was obtained in all areas, 
with the possible exception of that in the upper right 
of the plot where it is believed better results could have 
been obtained with subsequent permeability adjustments. 
It should be noted that calculated pressures are based 
on an undefined level, with both positive and negative 
values, as a result of the numerical procedure used 
for the solution of Eq. 1. However, all calculations 
made with these values use pressure gradients so that 
the level or sign of the pressures is not important. But 
in comparing the values for the match, these peculiari- 
ties should be kept in mind. No one isobar of the cal- 
culated pressures can be said to correspond to an isobar 
of known pressures, since the two sets are contoured on 
a different basis. Here again, pressure gradients are the 
important thing and must be used for comparison, al- 
though the over-all shape of the isobars from each set 
should be the same. 


20007] Yh 
= 710092000 


—— MEASURED PRESSURE psi 
——- CALCULATED PRESSURE 
DIFFERENTIAL pai 


Fic. AND CALCULATED Isopars, CAsE I. 


694 


\ 
N 
/ \ 
20 20 \ M OOK] 
< if OS 
2400 


CASE II 

The analysis in this case was for a sandstone reservoir 
operating under a strong natural water drive augmented 
by the re-injection of all produced water. A study was 
made to determine future production through various 
operating conditions with continuation of the present 
drive. 


In this case also there were considerable data avail- 
able. Field engineers associated with the project had 
made volumetric balances on separate portions of the 
reservoir to determine the source and strength of the 
natural water drive in each portion. 


Values of absolute permeability were obtained for 
29 cored wells, and some 400 well flow tests and bottom- 
hole pressures were available from surveys in 100 key 
standing wells at various times in the past. Again in 
each case these control wells were located throughout 
the entire area of study, and the data were related to all 
points by standard contouring methods. In addition, 
good data were available for thickness, viscosity and 
porosity. 

Also, the position of the edge of the water influx 
had been tracked throughout the reservoir history by 
the watering-out of various wells. 


The mathematical model was assembled from the 
best-known field data with the flow factors of Eq. 1 
represented by kh/u. Since water and oil with almost 
equal mobilities were the only fluids flowing in this very 
efficient water drive, the situation met the necessary 
conditions of Eq. 1. Again, the effects of capillary pres- 
sure and gravity were considered negligible. 


It was deemed necessary to test the model for its 
representation of the reservoir before using it for exten- 
sive study of future operations. Using the best known 
data, with flow conditions representing known produc- 
ing, injecting and natural-water influx rates for a par- 
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ticular time of the past, pressures were calculated in an 
attempt to match known reservoir pressures. When the 
two sets of pressures failed to agree, the permeability 
calculation outlined previously was used until the de- 
sired match was achieved. All corrections tu the kh/y 
factors were assumed to apply to the permeability 
values. 


An illustration of a part of the measured permeability 
distribution as known from core and field tests is pre- 
sented in Fig. 5. It can be seen that these data were 
sparse, that wide areas of the reservoir had essentially 
no control and that values in these regions were derived 
solely by interpolation. From such a picture, which is 
by no means rare, the need for better data is apparent 
as is the necessity for determining the adequacy of the 
model. 

A portion of the permeability distribution derived by 
calculations is shown in Fig. 6. Over-all, this plot pre- 
sents a more comprehensive picture insofar as coverage 
of the reservoir permeabilities is concerned. Comparison 
of this drawing with Fig. 5 indicates the variations be- 
tween the two, especially in the distributions, although 
the magnitudes of the permeabilities were in fair agree- 
ment. 

A comparison of the final pressure match obtained by 
permeability calculations is shown in Fig. 7, where 
calculated and field-measured pressures are given. Ex- 
amination of this comparison reveals that the shape of 
the isobars agree quite well in all areas, as do the magni- 
tudes of the pressure gradients. It should be remem- 
bered that, as discussed for Case I, the calculated pres- 
sures are on an undefined level and that isobars from 
the two systems cannot be compared directly. The close 
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agreement of this match indicates that the permeability 
calculations were proper. 


With the model thus apparently proven, additional 
checks were made to test its validity. Using the per- 
meabilities calculated as shown in Fig. 6, with flow data 
representing reservoir conditions at a time eight years 
previous to that of the first match, a second pressure 
match was attempted. Pressures were calculated in the 
normal fashion and compared to known reservoir pres- 
sures for this second time. Agreement comparable to 
that of the first pressure match was obtained in this case 
also. Thus, the calculated permeabilities were found to 
be valid with changing time and reservoir conditions. 

Movement of a front through the reservoir depends 
on k/u factors, not kh/u, as shown by Eq. 2. A match 
of past history using frontal advance as the criterion 
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thus proves the calculated permeabilities independently 
of thicknesses and also verifies any porosity data em- 
ployed in the model. Consequently, calculations of the 
frontal advance over eight years of past reservoir history 
were performed by the analysis procedure outlined 
previously in the discussion of the model. Again, good 
agreement was achieved between calculated and field- 
measured results, indicating a third time the validity 
of the model and the calculated permeabilities. 


CONCLUSIONS 


From the results cited in this report, it is obvious 
that there is a definite need to prove the validity of 
any numerical model that is to be used for predicting 
reservoir operations. The use of the permeability calcu- 
lation technique presented provides data that will allow 
a match of past reservoir conditions and, thus, reliable 
predictions of future performance. This procedure 
should be used where applicable to provide adequate 
reservoir data for use in two-dimensional flow calcula- 
tions and related reservoir analyses. 
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Equilibrium Ratios of Water in the Water-Triethylene 
Glycol-Natural Gas System 


FRANK R. SCAUZILLO 


ABSTRACT 


Equilibrium data which should be useful in the design 
and/or evaluation of glycol dehydration units were pre- 
pared from an analysis of various published data and 
the correlation of these data by the use of the thermo- 
dynamic equilibrium ratio. The equilibrium ratios of 
water are used to solve the glycol absorber problem; 
such solutions are necessary to define the number of 
trays and the glycol circulation rate needed to meet 
drying requirements. 

Activity coefficients were obtained which relate di- 
rectly to the equilibrium ratios of water in the water- 
TEG-natural gas system. These activity coefficients have 
been used to calculate the equilibrium dew points for 
aqueous TEG concentrations of 60 to 99.9 weight per 
cent for the temperature range of 40° to 120°F. They 
also provide a means of calculating equilibrium ratios 
for water in the water-TEG-natural gas system; this 
applies to any desired TEG concentration and to the 
temperature range from 40° to 120°F. 


INTRODUCTION 


During the last several years, the drying of natural 
gas with aqueous triethylene-glycol (TEG) solutions 
has become very prominent. Most users of TEG as a 
drying agent have been satisfied with the performance of 
TEG solutions at the conditions used; however, there 
always has been some discussion of the drying ability 
of TEG solutions at conditions not commonly encount- 
ered such as temperatures below 50° or 60°F, but more 
particularly temperatures above 100°F, and pressures 
above 1,000 psia. Today, when higher wellhead temp- 
eratures such as 120°F are more commonly encountered 
many are skeptical of TEG’s ability to dry sufficiently 
well to provide dew points around 32°F, which is gen- 
erally the maximum tolerable when attempting to dry a 
gas to contract specifications of 7 lb/MMscf. 


These views probably have evolved to some extent 
from the days when suppliers would not guarantee dew- 
point depressions in excess of 65° to 75°F. Also, the 
feelings about TEG drying may have arisen from the 
lack of information about the equilibrium relation of 
water in the drying operations. 


Porter and Reid’ have reported equilibrium data for 
a 95 per cent TEG solution, while Townsend’ reported 
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equilibrium data for 95, 98 and 100 per cent TEG 
solutions. Townsend also presented a _ calculational 
method which obtains activity coefficients in the liquid 
phase and, subsequently, the equilibrium water content 
of a saturated gas over glycol from published’ atmos- 
pheric dew points. Wise, Puck and Failey’ presented 
activity data for the water-TEG system at atmospheric 
pressure. 


In the past, the equilibrium ratios published for water 
in a 95 per cent by weight aqueous TEG solution have 
been used indiscriminately by many for all concentra- 
tions of TEG encountered in gas drying operations. 
Since essentially all such gas operations require the use 
of more concentrated TEG solutions, a study was under- 
taken to correlate the existing equilibrium data for 
aqueous TEG and gas systems and to provide some 
means of calculating the equilibrium ratio of water in 
the natural gas-water-TEG system where TEG concen- 
trations were other than 95 per cent. The data presented 
herein consider only the equilibrium drying ability of 
the TEG solutions and do not consider the effect of 
temperature and pressure on the tray efficiency of con- 
tactors. In other words, this paper is concerned pri- 
marily with the development of the equilibrium relation- 
ship between water in the dried natural gas and the 
water in the lean TEG entering the top tray of the 
absorber. 


BASIC EQUILIBRIUM RELATIONS 


A relationship which relates the K value of water in 
the natural gas-water-TEG system to the vapor pressure 
of water at the system temperature, the total pressure 
of the system and the activities of the liquid and gas 
phases has been evaluated. 


It is well known that, for any component of a mix- 


ture at equilibrium between a gas phase and a liquid 
phase, 


f. = fr, and Vik 
(2) 
and 
e RT 
YovP 


At the vapor pressure of water p’, f’ is essentially 
equal to the vapor pressure, and 


Vip-Pp) 
RT 


(4) 
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To solve Eq. 4, as it applies to the water-TEG system, 
a knowledge of the activity coefficients of water in both 
phases is required. This type of information for the 
natural gas-water-TEG system is not easy to come by 
experimentally. The problem deals with the determina- 
tion of small amounts of water in the vapor phase, and 
any absolute error in the water determination can con- 
ceivably result in a large error on a percentage basis. 
It seems practical, then, to devise some manner of 
calculating the equilibrium for water in the subject 
system. The vapor phase in equilibrium with a glycol 
solution contains essentially no TEG, and the liquid 
phase contains very little methane or natural gas. There- 
fore, it appears that the activity of water in either phase 
can be obtained independently of the other phase. 


NON-IDEALITY OF WATER IN THE VAPOR PHASE 


In the vapor phase, TEG is normally present in 
amounts up to | lb/MMscf. This is a pretty well-ac- 
cepted maximum for glycol units operating with a good 
mist eliminator. Assuming all of the glycol lost over- 
head is in a true solution in the gas phase, this amounts 
to a concentration of approximately 2.5 X 10° mol 
fraction TEG; for all practical considerations, the TEG 
can be thought of as nonexistent in this phase. This 
then leads to the natural gas-water system for which 
there is sufficient information to define the behavior 
of water in the vapor phase. 


Considering the right side of Eq. 4 as it applies to 
the natural gas-water system, all of the terms except 
the activity coefficients y, and y, are explicit functions 
of the contact temperature and pressure, while the 
activity coefficients are primarily functions of concen- 
tration. Since the water concentrations usually dealt with 
fall in the range of approximately 7 to 120 1b/MMscf 
(the mol fractions being approximately 0.000147 to 
0.00252), the systems are essentially at infinite dilution 
and the activity coefficient of water in the vapor phase 
can be taken as a constant value at any given temp- 
erature and pressure normally encountered. Therefore, 
Eq. 4 can be rewritten as 


xp 
where C is an empirical constant and equal to uae 
RT 


This eliminates evaluating the fugacity coefficient as a 
separate variable. The value of C then can be evaluated 
from existing data on the natural gas-water system, such 
as the data of McCarthy, Boyd and Reid.° 


In the natural gas-water system, the liquid phase 
will follow ideal behavior because the mol fraction of 
methane in the liquid is very small even at high pressures 
and y, ~ 1.0. The value of x (mol fraction of water) 
can be assigned a value of 1.0 for all practical consid- 
erations. The only information then needed to evaluate 
C is the water content of the water-saturated gas, the 
total pressure and the vapor pressure of water at the 
temperature of interest. 


yp 
and 
47500 p’ 
7 
G Wp (7) 


where W is the water content of the gas in lb/MMscf. 
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If Eq. 6 is substituted into Eq. 5, the resulting equa- 
tion can be used to determine the activity of the water 
in the aqueous phase from experimental data. 

y 
where a, is then the ratio of the concentration of water 
in the dry gas to the concentration of water when gas 
is saturated at the same pressure and temperature. 


ACTIVITY OF WATER IN THE LIQUID PHASE 

The data used to evaluate the activity of water in 
aqueous TEG solutions were taken from the experi- 
ments of Townsend’ and of Wise, Puck and Failey.’* 


Townsend experimentally obtained the concentration 
of water in the vapor phase of a natural gas in equili- 
brium with 95 and 98 weight per cent TEG glycol solu- 
tions and approximately 100 per cent TEG. The glycol 
concentrations were reported accurate to 0.5 weight per 
cent. Since 100 per cent TEG normally contains about 
0.3 weight per cent water, it was decided to treat the 
100 per cent glycol as a 99.5 per cent solution in this 
evaluation. 


Table 1 presents the experimental data of Townsend 
and the equilibrium data calculated therefrom with Eqs. 
7 and 8. The temperatures investigated were 70°, 80° 
and 90°F over the pressure range of approximately 500 
to 2,500 psia. The data for all three temperatures were 
averaged for each pressure level used in the experiments, 
and the results are tabulated in Table 2. These data 
reveal that the activity. of water in glycol solutions is 
essentially independent of the system pressure. There 
were insufficient data to evaluate any temperature effect 
on activity. 


Wise, et al, investigated the activities of aqueous TEG 
solutions at atmospheric pressure and 70°, 80° and 
90°F. The highest TEG concentration reported was 
96.8 per cent. The activities reported then were used to 
determine the more useful variable, the activity coeffi- 
cient. The activity coefficients for water in TEG concen- 
trations greater than 96.8 per cent were evaluated with 
the aid of the binary Van Laar equations; namely, 


A 


(10) 


where A = log y; at x, = O and B = log y, at x, = 
1.0. Values of A and B were estimated from the activity 
coefiicients of water and TEG calculated from the ex- 
perimental data of Wise, et al. The best agreement with 
the experimental data was obtained for 4 = —0.405 
and B = —0.356. The average deviation of the experi- 
mental data from the calculated data thus obtained was 
about 0.3 per cent for water and 4 per cent for TEG. 
Fig. 1 presents the calculated curve for water. The 
plotted points are the activity coefficients calculated 
from the experimental data of Wise, et al, and Town- 
send. Table 3 summarizes the activity coefficients and 
activities of water at 80°F. These data are considered as 
representative of the temperature range from 40° to 
120°F since the effect of temperature in this range is 
negligible. 

The effect of temperature on the activity coefficient of 


698 


and 
B 
Og y2 || 
Ax, 


TABLE 1—VAPOR-LIQUID EQUILIBRIA DATA FOR NATURAL GAS-AQUEOUS TRIETHYLENE GLYCOL SYSTEMS 


Glycol Mol 
Concentration Temp. Pressure p’ WwW Wg* Fraction 
Wt. %) (°F) (psia) (psia) (Ib/MMscf)  (Ib/MMscf) Water (3 YL ol 
99.5 70 2545 0.3631 14.0 1,32 0.0391 0.484 4.98 2.41 0.0943 
2035 Si) 0.32 0.0392 0.547 0.964 0.528 0.0207 
1555 18.5 0 0.0393 0.599 0 0 0 
1090 23.5 0.87 0.0396 0.673 1.39. 0.935 0.0370 
55) 42.0 0.73 0.0399 0.798 0.546 0.436 0.0174 
80 2515 0.5069 19.2 ee 73 0.0391 0.499 3.25 1.62 0.0635 
1540 25.0 0.93 0.0393 0.626 1.515 0.949 0.0373 
540 54.0 2.10 0.0399 0.828 1.18 0.977 0.0390 
90 2565 0.6982 24.7 0.60 0.0391 0.522 1.19 0.621 0.0243 
1540 34.0 1e25 0.0393 0.633 1.48 0.936 0.0368 
565 73.0 1.05 0.0399 0.803 0.448 0.359 0.0143 
98 70 2545 0.3631 14.0 1.05 0.1405 0.484 1.10 0.538 0.0750 
2085 1324 1.00 0.1410 0.548 0.857 0.469 0.0662 
1555 18.5 2.75 0.1412 0.599 1.76 1.055 0.149 
1015 24.7 2.50 0.1420 0.688 1.04 0.716 0.102 
505 42.0 2.70 0.1434 0.813 0.551 0.448 0.0643 
80 2515 0.5069 TOR, 0.87 0.1405 0.499 0.646 0.322 0.0452 
2015 Zileo) 1.20 0.1410 0.557 0.711 0.396 0.0558 
1535 25.0 0.90 0.1412 0.628 0.407 0.256 0.0361 
990 34.0 1.73 0.1420 0.715 0.502 0.359 0.0510 
455 62.0 4.35 0.1434 0.855 0.572 0.489 0.0701 
90 2536 0.6982 24.9 2.27 0.1405 0.524 1.24 0.650 0.0913 
2055 28.0 3.33 0.1410 0.576 1.47 0.847 0.119 
1565 34.0 2.00 0.1412 0.622 0.669 0.416 0.0587 
1005 47.0 2.05 0.1420 0.701 0.438 0.307 0.0436 
575 72.0 4.17 0.1434 0.800 0.504 0.403 0.0578 
95 70 2535 0.3631 13.9 2.35 0.294 0.490 1.18 0.578 0.169 
2040 15.2 3.10 0.295 0.557 1.24 0.691 0.204 
1600 18.5 Pan Pe 0.296 0.582 0.68 0.396 0.117 
1015 24.7 3.60 0.298 0.688 0.712 0.490 0.146 
435 48.0 6.45 0.300 0.825 0.544 0.449 0.135 
80 2525 0.5069 ens} 1.85 0.294 0.494 0.66 0.326 0.096 
2095 21.0 2.80 0.295 0.548 0.825 0.452 0.133 
1515 26.0 3.50 0.296 0.612 0.744 0.455 0.134 
1015 34.0 4.12 0.298 0.699 0.582 0.407 0.121 
485 59.0 7.85 0.300 0.842 0.532 0.448 0.134 


*Data of Townsend (Ref. 2). Avove data for 99.5 per cent TEG was reported by Townsend as approximately 100 per cent. 


a component in a solution of two completely miscible 
liquids is approximated by the following equation. 


1 


where H — H is the average differential heat of solution 
for the component in question for the temperatures con- 
sidered. Table 4 is a tabulation of enthalpy data for the 
water-TEG binary system compiled from the Union 
Carbide Co.’ heat-capacity data on TEG solutions. The 
partial enthalpy of water was obtained by applying the 
method of intercepts to the solution heats calculated 
from the heat-capacity data. 

The differential heat of solution was found to be 
positive in the temperature range from 40° to 120°F; as 
such, the activity coefficient of water will decrease as 
the temperature increases. The change in activity coeffi- 
cient is about 3 per cent/40°F. Since drying at the 
higher temperatures is of primary concern, the data of 
Fig. 3 and Table 3 can be applied conservatively at 
temperatures around 120°F without fear of any detri- 
mental temperature effects. 


APPLICATIONS 


EQUILIBRIUM RATIOS FOR WATER IN THE 
WATER-TEG-NATURAL GAS SYSTEM 


The vapor-liquid equilibrium ratios for water in this 
basic system have been calculated and are suggested as 
the values to be used in all dehydration calculations in- 
volving TEG. The K values for the system, 98 weight 
per cent TEG-natural gas, are plotted in Fig. 2. These 
values have been calculated from the water-content 


TABLE 2—ACTIVITY AND ACTIVITY COEFFICIENTS FOR WATER IN THE 
NATURAL GAS-AQUEOUS TRIETHYLENE GLYCOL SOLUTIONS 
IN TEMPERATURE RANGE FROM 70° TO 90°F* 


95 Wt % TEG 98 Wt % TEG 99.5 Wt % TEG 


Pressure 
(psia) YL aL YL or YL OL 

500 0.448 0.134 0.447 0.0641 0.591 0.0236 
1000 0.448 0.134 0.461 0.0655 0.935 0.0370 
1500 0.426 0.126 0.576 0.0813 0.628 0.0247 
2000 0.572 0.169 0.571 0.0805 0.528 0.0207 
2500 0,452 0.136 0.502 0.0705 1.550 0.0606 
Average 0.469 0.140 0.511 0.0724 0.846 0.0333 


*From data of Townsend (Ref. 2). 
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data of natural gases after McCarthy, Boyd and Reid,” 
and the activity coefficient at 80°F for water in a 98 
weight per cent aqueous solution of TEG by solving 
Eq. 5 for y/x or K. 

The data of Fig. 2 present the K values of water in 
the 98 per cent solution over the temperature range 
from 40° to 120°F and over the pressure range from 
14.7 to 2,500 psia. These data are considered accurate 
through this temperature range because the effect of 
temperature on the activity of the water phase in the 
range is small. A relationship which relates K for any 
concentration to the K for 98 per cent TEG is given 
and allows the user to correct the plotted values to any 
desired concentration with the use of the activity coeffi- 
cients of water found in Fig. 1 and Table 3. 


The values of K were found to decrease linearly as 
the pressure increased to about 200 psia. Thereafter, 
the incremental changes in the K value became smaller 
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as the pressure increased, and K neared a limiting value 
as the pressure approached 10,000 psia. The latter is 
inherent in the way the K values were calculated be- 
cause equilibrium water contents over glycol solutions 
were related directly to the water content of a gas over 
pure water, and the water content of a gas over water 
tends to approach a limiting value as pressures around 
10,000 psia are reached. 


The equilibrium ratios for water in the water-TEG- 
natural gas system also can be evaluated directly from 
the water content of the saturated gas at the temp- 
erature and pressure of interest and the activity coeffi- 
cient of the water in the glycol solution. The data of 
Townsend reveal that the ratio of the water content of 
the gas over a glycol solution to the water content of 
the saturated gas is essentially constant for any given 
glycol concentration and is equal to the activity of the 
water in the glycol solution, or W, = Wa,. Then, 


K = = = (2.105) (10*) (W) (12) 


The equilibrium ratios presented herein have been 
based on the water content of natural gases as presented 


TABLE 3—ACTIVITY OF WATER IN AQUEOUS TRIETHYLENE GLYCOL 
SOLUTIONS AT 80°F 


Mol Fraction TEG 

Water (Wt %) YL OL 
0.02 99.76 0.410 0.0082 
0.05 99.37 0.434 0.0217 
0.10 98.68 0.475 0.0475 
0.15 97.93 0.520 0.0780 
0.20 97.08 0.565 0.113 
0.30 95.1 0.654 0.196 
0.40 92.6 0.738 0.295 
0.50 89.3 0.815 0.408 
0.60 84.7 0.880 0.528 
0.70 78.1 0.935 0.656 
0.80 67.5 0.970 0.776 
0.90 48.0 0.990 0.891 
1.00 0 1.000 1.000 


TABLE 4—ENTHALPY DATA FOR AQUEOUS TRIETHYLENE 
GLYCOL SOLUTIONS 
86°F 


40°F 122°F 

Mol Fraction — — —— 
Water Hs Hi Hs Hi Hs Hi 
0 577.2 254 4018 1550 6858 2840 
0.01 573.8 253 3995 1514 6820 2841 
0.02 570.5 241 3968 1462 6772 2720 
0.05 560.2 221 3888 1368 6652 2505 
0.10 541.2 204 3754 1282 6430 2320 
0.20 502.3 187 3473 1192 5952 2120 
0.30 461 177 3183 1147 5445 2000 
0.40 418 169 2887 1098 4929 1910 
0.50 374 163 2590 1067 4400 1840 
0.60 330 158 2285 1042 3887 1785 
0.70 284 154 1975 1022 3350 1735 
0.80 238 150 1655 1002 2796 1695 
0.90 192 147 1323 988 2230 1655 
0.95 168 145 1150 980 1940 1638 
0.98 154 144 1042 975 1780 1623 
1 144 144 972 972 1620 1620 


.00 
He = enthalpy of solution, Btu/mol solution. 
m= partial enthalpy water, Btu/mol water. 
Enthalpy datum = 32°F. 
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by McCarthy, et al.° Eq. 12 enables one to evaluate K 
from any source of water-content data he might choose. 
If the water-content data of McCarthy, et al, is used, 
the K’s obtained from Eq. 12 will be consistent with K’s 
evaluated from Fig. 1. 


A sample dehydration calculation which explains the 
use of the water equilibrium ratio is presented in the 
Appendix. This problem solves for the circulation rate 
of lean glycol when given the inlet temperature 
and pressure, the lean glycol concentration, tray effi- 
ciency and the number of trays in the contactor. The 
problem can be amended to solve for any one of these 
variables as the unknown. 


WATER-VAPOR DEW POINTS 
WITH TEG SOLUTIONS 


The equilibrium dew points available with glycol con- 
centrations of 60 to 99.9 per cent by weight in the 
temperature range 40° to 120°F are presented in Fig. 3. 
These have been obtained by calculating the water con- 
tent of the gas at the dew point as equal to the product 
of the activity and the water content of the gas saturated 
with water at the contact temperature and pressure. The 
dew-point temperature then was taken directly from the 
water-content chart of McCarthy, ef al,’ by entering 
the chart with the water concentration at the dew point 
and the contact pressure. 


The temperature of contact affects the dew point 
such that the dew-point depression, or the difference in 
the contact temperature and the dew-point temperature, 
at a temperature of 40°F is approximately 75 per cent 
of the dew-point depression theoretically possible at 
120°F. 


Pressure was found to have no effect on the equili- 
brium dew point. The dew points of Fig. 3 represent 
data calculated over the pressure range from 14.7 to 
2,500 psia. These dew points for any given contact 
temperature were found to agree within 1°F through- 
out this range of pressures. 

Data such as shown in Fig. 3 have limited application 
in the design of glycol units. One bit of information ob- 
tained from it is the minimum glycol concentration 
which can be used to obtain a certain dew point. For 
example, if a 32°F dew point at a contact temperature 
of 100°F is desired, the lowest lean glycol concentration 
which will suffice is approximately 97 per cent TEG. 
If it is assumed the desired dew point will be about 
20°F above the equilibrium dew point (quite often ex- 
pressed as an approach to equilibrium of 20°F), the 
lean glycol concentration should be one which gives a 
dew point of 32 minus 20, or 12°F. This sets the de- 
sired lean glycol concentration at approximately 98.5 
per cent TEG. 

Another application of Fig. 3 is to use the glycol 
concentration shown as the average concentration in the 
dehydrator. Then the dew point obtained in this manner 
will approximate the dew point which is obtained in the 
actual operation. Nothing has been said about rates, 
and this information cannot be obtained without per- 
forming the more detailed analysis illustrated in the 
Appendix. 

During the last several years, the gas engineer has 
become more aware of the fact that dew-point de- 
pressions in excess of 100°F are needed and that depres- 
sions of this magnitude are possible only if the lean 
glycol is stripped to very small water concentrations. At 
a contact temperature of 120°F and using a lean glycol 
concentration of 99.7 per cent TEG, a dew-point de- 
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pression of 133°F is theoretically possible. However, 
the theoretical dew point (based on the concentration 
of the incoming lean glycol) is never obtained in field 
operations due to the enriching of the glycol with water 
on the top tray and the inefficiency of the gas-liquid 
contact in the absorber. The approach to equilibrium 
dew point is often 20°F or less, and this approach can 
always be improved by increasing the circulation rate 
or by adding more trays. In the problem in the Appen- 
dix, an 18°F approach to equilibrium is obtained. The 
dew point of the dried gas is 28°F, and the theoretical 
dew point for the stated conditions is 10°F. At the same 
circulation rate with an extra tray added, the dew point 
of the dried gas will be approximately 22°F to give 
a 12°F approach to equilibrium. If the circulation were 
approximately doubled, and with five trays, the approach 
to equilibrium would be approximately 10°F. 

Consider drying a natural gas at 600 psia and 120°F. 
In an average four-tray contactor, a 100°F dew-point 
depression could be made by circulating approximately 
20 gal of 99.7 per cent TEG/lb of water in the inlet 
gas. Increasing the number of trays by two to a six- 
tray unit at the same conditions, a 120°F dew-point 
depression would be possible at only one-third of the 
same circulation rate. The point to remember is that 
drying to meet some requirements at higher tempera- 
tures can be done, although an extra tray or two may 
be required as well as more complete regeneration of 
the glycol. More complete regeneration of glycol is 
being accomplished by the use of stripping gas as part 
of the regeneration system. 

In years past, the rule of thumb was 3 gal of glycol 
circulated/lb of water in the wet gas. This rule probably 
does very well at temperatures below 90°F and pres- 
sures above 600 psia, but it is not a recommended 
practice. The absorber-type analysis such as presented 
in the Appendix should be used to properly define dry- 
ing needs. 


CONCLUSIONS 


The application of the data presented herein should 
permit (1) a more accurate estimate of the dew point 
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of a dried natural gas, (2) a more critical look at de- 
hydrator performance and (3) a more accurate predic- 
tion of rate and tray requirements. 


NOMENCLATURE 
a, = activity of water in liquid phase 
A = absorption factor for water 
A, = absorption factor for methane 
f’ = fugacity of pure liquid water at its vapor 
pressure, psia 
f° = fugacity of pure component in standard 


state taken as temperature and pressure of 
systems, psia 
f, = fugacity of liquid water at system conditions, 
psia 
= fugacity of water vapor at system conditions, 
psia 
partial enthalpy, Btu/mol 
enthalpy of pure component, Btu/mol 
equilibrium ratio of water 
equilibrium ratio of methane 
rich glycol rate, mol rich solution/mol inlet 
gas 
, = lean glycol rate, mol lean solution/mol inlet 
gas 
= vapor pressure of water at system tempera- 
ture, psia 
p = system pressure, psia 


e 


SE 
| 


(psia) (cu ft) 
(lb mol) (°R) 
Btu 
(Ib mol) (°R) 
absolute temperature, °R 
molal volume of water, cu ft/mol 
V,+1 = inlet gas, mol 
= water content of water-saturated gas, lb/ 


R = gas constant = 10.71 


it 


NR 


MMscf 
W, = water content of gas over glycol solution, 
lb/MMscf 
x,x, = mol fraction of water in the liquid phase 
x, = mol fraction of water in lean glycol 
y = mol fraction of water in water-saturated gas 
y, = mol fraction of water in the vapor phase 
over glycol solution 
Yn +1 = mol fraction of water in wet inlet gas 
y, = mol fraction of water in dry outlet gas 
y, = mol fraction of water in outlet gas in equili- 
brium with lean glycol 
Yu Yn = activity coefficient of water in liquid phase 
Y» = activity coefficient of water in vapor phase 


fugacity coefficient of pure water at temp- 
erature and pressure of system. 
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APPENDIX 
SAMPLE DEHYDRATION CALCULATIONS 


Calculate the circulation rate of 98.6 weight per cent 
TEG solution required to dry 1 MMscf/D of gas at 
800 psia and 100°F so as to make a dry gas containing 
7 lb/MMscf. The contactor has five trays. 


COMPUTATION OF K 

K from water content of natural gas and the activity 
coefficient of water in the 98.6 weight per cent solution 
can be calculated by either of the following methods. 


Method 1 
K === (2.105) (10°) (W) 


where W = water content of saturated gas = 72 lb/ 
MMscf. 
y. = activity coefficient of water = 0.481 (Fig. 
1) and (2.105) 10° is a constant convert- 
ing water concentration from Ib/MMsct 
to mol fraction. 
K = (2.105) (10°) (72) (0.481) = 0.000728. 


Method 2 


K from Fig. 2 and yz 


= (Kos) (1.94) (yz) 
= (0.00079) (1.94) (0.481) = 0.000728. 


CIRCULATION RATE 
Yni1 = mol fraction water in wet gas 
(72) (2.105)10° = 0.001515. 
y, = mol fraction water in dry gas 
(7) (2.105) 10° = 0.000147. 
y, = mol fraction water in dry gas 
at equilibrium (y, = Kx,) 
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TABLE 5—APPROXIMATE EQUILIBRIUM RATIOS FOR METHANE IN 
TRIETHYLENE GLYCOL SOLUTIONS* 


PSIA 50°F 80°F 120°F 
100 150 152 150 
150 126 126 122 
200 111 110 106 
250 100 99 96 
300 94 91 87 
400 82 79 76 
500 72 70 66 
600 66 62 58 
700 60 57 54 
800 53 51 48 
900 49 48 44 
1000 44 43 39 
1500 34 33 29 
2000 32 31 27 


*Calculated from data given in Ref. 1. 


= (0.000728) (0.106) =0.0000772. 
equilibrium fraction to be absorbed 


_ 0.001515 — 0.000147 


~ 0.001515 — 0.0000772 
= 0.951. 


Past experience has indicated trays in glycol units 
to be approximately 25 per cent efficient. Then assume 
25 per cent efficiency for each tray and n, the number 
of theoretical trays, = 5(.25) = 1.25 theoretical trays. 
Refer to Fig. 4 and find the absorption factor A = 10.6 
for 1.25 trays and an absorbed fraction = 0.951. 

Then the circulation rate of rich glycol, 

L, = (A) (Vass) UK) 
(10.6) (1.0) (0.000728) 
= 0.00772 mol rich glycol/mol inlet gas 
A, = absorption factor of methane or natural 
gas 


0.00772 
K.V.n 50(1) 0.000154, 
where K, is equilibrium ratio of methane in glycol solu- 
tions (Table 5). 

Since the gas phase consists mainly of methane (C,), 
the absorption factor will approximate the moles of 
natural gas absorbed when using 1 mol of gas as basis, 
or 


moles C, absorbed = 0.000154 mol/mol inlet 
gas; 
moles water absorbed =0.001515 — 0.000147 
= 0.001368 mol/mol inlet 
gas. 
Then the circulation rate of lean glycol, 


L, =L, — (mol C, absorbed + mol water ab- 
sorbed ) 
= 0.00772 — (0.000154 + 0.001368) 
= 0.0062 mol lean glycol/mol inlet gas. 
Molecular weight 


(MW) of lean glycol = mol fraction water (MW 
water) + mol fraction TEG 


(MW TEG) 

= 0.106 (18) + 0.894 (150) 

= 136. 
Density of lean glycol = 9.3 lb/gal. 
Therefore, 

mol lean glycol 2637 mol gas 

( mol inlet gas MMscf gas 
136 gal TEG 


= 239 gal/MMscf 


= 0.166 gal/min / MMscf/D 
= 3.32 gal/lb water in inlet gas. akhk 
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Use of Oxygen Scavengers To Control External Corrosion 


ABSTRACT 


This paper describes a laboratory 
study of causes of external casing 
corrosion and the test work that led 
to the use of oxygen scavengers to 
prevent this attack. External casing 
failures are classified as water-line, 
casing-casing, collar and body fail- 
ures. A corrosion mechanism based 
on principles of differential oxygen 
availability is developed that is con- 
sistent with facts known about each 
kind of failure. The field use of 
oxygen scavengers is depicted as a 
direct result of the laboratory study. 


A part of the paper is devoted to 
reporting on the field use of hydra- 
zine to control external casing corro- 
sion. Results of field measurements 
made over a period of several years 
are presented as evidence of the 
effectiveness of the hydrazine treat- 
ment. The first conclusion reached 
is that the use of hydrazine materially 
reduces the cathodic protection re- 
quirements for treated wells. This 
result is interpreted to mean that a 
reduction is taking place in the 
amount of corrosion on the casing. 
Results indicate also that hydrazine 
shows its greatest usefulness within 
the first 12 to 18 months after a 
well is completed when pitting corro- 
sion is likely to be most active. 


INTRODUCTION 


According to surveys sponsored by 
the National Association of Corro- 
sion Engineers,’ the cost of repairing 
casing leaks caused by external corro- 
sion may exceed $4 million per year. 
In addition, well damage and lost 
production resulting from casing 


Original manuscript received in Society of 
Petroleum Engineers office Aug. 24, 1960. 
Revised manuscript received April 28, 1961. 
Paper presented at 31st Annual California 
Regional Meeting of SPE, Oct. 20-21, 1960, 
in Pasadena, Calif. 
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leaks probably costs the petroleum 
industry an additional $5 to $6 mil- 
lion per year. 

Concern about the cost of external 
casing corrosion led to an extensive 
laboratory study of factors causing 
this external corrosion and to the 
development of a new approach to 
its prevention. This paper presents 
a discussion of various causes of ex- 
ternal casing corrosion, details of 
laboratory studies and the results of 
the field use of an oxygen scavenger 
in well cementing fluids to prevent 
the external corrosion of oil-string 
casing. 

Measurements on test wells over 
a period of several years show that 
cathodic-protection current require- 
ments are greatly reduced when hy- 
drazine is used in cementing mud. 
Reduction of current requirements 
can be interpreted to mean that re- 
moval of oxygen by hydrazine has 
greatly suppressed corrosion cells on 
the external surface of the casing and 
thereby, has reduced corrosion. 


To date, hydrazine has been used 
by the Standard Oil Co. of California 
in more than 200 well completions. 


KINDS OF CASING 
FAILURES 


A survey of a large number of 
casing leaks disclosed four types of 
external casing failures — water- 
line, casing-casing, collar and body 
failures. These types are identified 
largely by their location on the cas- 
ing. Water-line failures are found just 
below the surface of water or mud 
in the casing annulus. Casing-casing 
failures occur on the oil string just 
below the shoe of the surface string. 
Collar failures are found in the 
threaded ends of casing joints where 
they are screwed into casing collars. 
Body failures may occur at any point 
on the body of a casing joint. Ex- 
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amples of each kind of failure have 
some of the general characteristics 
that are shown in Fig. 1. 


Water-line failures usually result 
in the circumferential severance of 
an oil-string casing. The corrosive 
action causing a water-line failure 
usually is sharply defined and is 
limited to a short length of the cas- 
ing. Casing-casing failures usually are 
accompanied by pitting corrosion 
distributed around the oil-string cas- 
ing for distances up to 100-ft below 
the shoe of the surface string. Cas- 
ing-casing failures may also sever the 
casing. Collar failures seem to start 
on the first thread at the bottom of 
recesses between collar and casing 
joint. Corrosion proceeds across the 
threads by what appears to be a 
normal pitting mechanism. Both cas- 
ing and collar are severely attacked. 
Body failures are the result of highly 
localized pitting at any point on a 
casing wall. Besides the pit that per- 
forates a casing, a large number of 
other pits usually are found along 
one side of the casing joint. The 
pits occasionally are filled with corro- 
sion products consisting largely of 
oxides and sulfides.” Frequently, the 
mill scale is largely intact on the rest 


-of the casing. 


Examination of a casing failure 
does not always reveal the cause of 
the failure. Frequently, the neces- 
sary details are destroyed when the 
failure occurs. For example, forma- 
tion water flowing through a per- 
foration at high velocity may enlarge 
the hole and destroy any remaining 
evidence of the cause of the failure. 
One way to obtain undistorted in- 
formation about a failure is to study 
the nature of other pits on the cas- 
ing in the vicinity of the failure. A 
study of such pits frequently suggests 
that they are characteristic of an 
attack resulting from the differential 
availability of molecular oxygen. 
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CONDITIONS LEADING TO 
EACH TYPE OF CASING 
CORROSION 


WATER-LINE ATTACK 

Water-line attack is found in wells 
with open casing annuli. Air diffuses 
into the casing annulus and makes 
oxygen available for the cathode re- 
action, 


1 
0 + H.0 + 2e° = 20H” 


This reaction occurs at the fluid-air 
interface. Just below the interface 
the fluid is deficient in oxygen, but 
the metal lattice is exposed so me- 
tallic iron takes part in the anode 
reaction, 
Occurrence of these reactions at the 
fluid-air interface will result in corro- 
sive attack on the casing just below 
the fluid-air interface. Prolonged re- 
action at a constant interface level 
will result in a severed casing, as 
shown in Fig. 1(A). 
Other chemical reactions also take 
place during the process of casing 
corrosion. These reactions, as shown 
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Fic. 1—ExAmp.es oF THE VARIOUS Types OF CasINc CORROSION. 


by Eqs. 3 and 4, also help maintain 
the potential of the corrosion cell. 
Fe“ = (3) 


1 
3 Fe(OH), + = 9: = Fe,0, + 3H,0 
(4) 


Removal of ferrous ions from solu- 
tion near the fluid-air interface causes 
the attack to continue and be con- 
centrated near this interface, as 
shown in Fig. 2(A). This corrosion 
mechanism is identical to that first 
given by Evans’* in formulating his 
principle of “differential aeration” as 
the cause of pitting. 


CASING-CASING, CORROSION 
Casing-casing corrosion occurs 
when oil and surface casing strings 
are in contact with two different 
muds. Such an occurrence is possible 
when the surface string is imperfect- 
ly cemented. The difference in mud 
composition may be either in oxygen 
content or pH, or both. If the oil 
string is in contact with a mud of 
lower pH than the surface string, or 
with mud having a lower oxygen 
concentration than the surface string, 
the oil string will behave as an anode. 


CASING CORROSION 


(D) BODY CORROSION 


The reaction of Eq. 2 will be concen- 
trated on the oil string near the shoe 
of the surface string, and iron will be 
removed most rapidly from the cas- 
ing surface at any susceptible points 
on the metallic lattice. The cathode 
reaction of Eq. 1 will occur on the 
surface string. The complete corro- 
sion cell with current lines in solu- 
tion is illustrated in Fig. 2(B). 


COLLAR FAILURE 

Collar failure may be caused sole- 
ly by improper joint make-up. The 
original leak in this case would be en- 
larged by erosion-corrosion while for- 
mation water flows through it. Im- 
proper joint make-up includes joints 
not torqued sufficiently to make a 
tight joint, and galled threads result- 
ing from damaged threads, or fail- 
ure to use lubricant. 


Failure due to corrosion also may 
occur in the recess between the 
threaded portion of the casing joint 
and the end of the collar. The mech- 
anism of such a failure is illustrated 
in Fig. 2(C). Differential availability 
of oxygen in the recess may set up 
the condition in which the anode re- 
action (Eq. 2) can take place on the 
exposed thread. The cathode reaction 
of Eq. 1 could occur on the mill- 
scale-coated casing adjacent to the 
recess. The potential of this cell could 
be maintained by the reactions of 
Eqs. 3 and 4. Current in this cell 
can be expected to produce rapid 
attack on the exposed threads. 


BODY CORROSION 

Body corrosion apparently occurs 
when differential conditions produce 
a corrosion cell along the body of 
a casing joint. The tendency for pit- 
ting to occur along one side of a 
casing joint suggests the possibility of 
mill-scale damage being the cause of 
increased corrosion susceptibility. 
Usually, the rest of the varnish and 
mill-scale coating on the surface of 
the joint is undamaged. Mill-scale 
damage of this kind along one side 
of a casing string can occur as the 
casing is run into a well. The re- 
moval of mill scale exposes the me- 
tallic lattice directly to the cementing 
mud. Under these conditions, the 
anode reaction of Eq. 2 takes place 
on the exposed iron. The small anode 
and large cathode areas cause highly 
localized corrosive attack. 


Localized corrosive attack also 
may be created when formation 
waters free from oxygen seep into 
the mud and make contact with the 
casing at small areas. The points of 
contact with the formation water 
will be anodic to the rest of the 
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(A) WATER LINE CORROSION casing - 


casing. Furthermore, colonies of bac- 
teria in a pit on a casing may local- 
ize corrosive action.” The metal sur- 
face covered by corrosion products 
from which bacteria have removed 
oxygen may be anodic to the sur- 
rounding casing surface. Both of 
these conditions will cause pitting 
corrosion. Two kinds of body corro- 
sion are illustrated in Fig. 2(D). 


CAUSES OF CASING 
CORROSION 


The various kinds of casing cor- 
rosion were studied in the labora- 
tory by devising experiments to sim- 
ulate each kind of corrosion. Both 
potential and current measurements 
were made as a function of time in 
an effort to follow the effects of the 
various conditions that were changed 
during the study. 


WATER-LINE CORROSION 

A laboratory study was carried 
out to determine the magnitude of 
the potentials that could be built up 
to cause water-line corrosion. A 
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water sample was collected from a 
casing annulus and adjusted to 
anaerobic conditions comparable to 
those in the casing annulus. Poten- 
tials (referred to saturated calomel 
electrode) of a small iron electrode 
were measured at different levels be- 
low the surface of the water sample. 
In the test apparatus, an iron elect- 
rode was sealed with insulating ma- 
terial into a hole through the wall of 
an iron tube so that the potentials of 
this electrode could be measured sep- 
arately as the tube was moved up 
and down in the water. Atmospheres 
of air, nitrogen and oil-air were used 
successively above the water during 
the study. Fig. 3 shows that there was 
a 90-mv difference in the first 5 to 
10 mm below the surface of the 
water sample as a result of differen- 
tial oxygen concentration. Nitrogen 
atmosphere and the oil layer pre- 
vented the formation of the oxygen 
concentration cell. 


A study of the current obtainable 
from a water-line corrosion cell and 
the nature of the anode was carried 
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out in apparatus shown in Fig. 4. Six 
steel rods %4-in. in diameter and 
3-feet long were centered in %-in. 
glass tubes with rubber stoppers. The 
first of three steel rods—A, B and 
C—were each cut in two pieces and 
reconnected by means of short pieces 
of plastic rod. Wires were attached 
to the top and bottom ends of the 
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three re-assembled rods. Each pair 
of wires was connected outside the 
glass tube to complete the cell. On 
occasion, these wires were discon- 
nected and reconnected to an am- 
meter to measure the current flow- 
ing between the two sections of each 
rod. The remaining three rods—D, 
E and F—were left intact. The glass 
tubes were mounted in a vertical po- 
sition, and formation water was 
poured in each tube so that the low- 
er half of each rod was submerged. 
Fluid in the tubes containing the 
plastic-separated rods was adjusted 
so that the top of the plastic cou- 
pling was 1%2-in. below the water-air 
interface. 

Rod A was allowed to stand for 
60 days in formation water with the 
water surface open to the air. Rod 
B was allowed to stand for 10 days, 
and then a small amount of oil was 
poured on top of the water for the 
remaining SO days of the test. Rod C 
was treated similarly to Rod B ex- 
cept that the oil contained 1 per cent 
of an oil-soluble corrosion inhibitor. 
The three unbroken rods—D, E and 
F—also were permitted to stand par- 
tially submerged in the formation 
water for the 60-day test. During 
this period, air was maintained above 
the water line on Rod D, an oil-air 
interface was maintained above the 
water line on Rod E and nitrogen 
gas was maintained above the water 
on Rod F. 


Results of current measurements 
are shown in Fig. 5 for each of the 
three separated rods. Fig. 6 shows 
the appearance of all six rods after 
the 60-day test. The current pro- 
duced in such a corrosion cell will 
flow for as long a time as the dif- 
ferential oxygen concentration exists. 
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The anodic action is sharply local- 
ized on the iron below the liquid 
surface. Action of the water-line 
corrosion cell can be minimized by 
placing a refined oil layer on the 
water surface or by removal of oxy- 
gen from the gas space above the 
liquid surface. 


CASING-CASING CORROSION 

The potentials of casing-casing 
corrosion cells were next studied. 
Muds of different pH and different 
molecular oxygen concentrations 
were obtained, and the potentials of 
iron electrodes against a saturated 
calomel electrode were measured in 
these muds. Results of these meas- 
urements are shown in Fig. 7. Iron 
became more cathodic with increas- 
ing pH of the muds. Between pH 
9.0 and pH 13.0, an iron potential 
was shown to be more anodic as 
the oxygen concentration in the mud 
was decreased. 

The nature of the current density 
on an oil-string casing was studied 
using a model in which the oil string 
and the surface string were separate 
electrodes. The current was found 
to be quite concentrated along the 
length of oil string immediately be- 
low the shoe of the surface string. 
Decrease in current density below 
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this point was found to behave ac- 
cording to accepted principles of po- 
tential theory. 


An additional study was carried 
out with the apparatus shown in Fig. 
8. The cathode was made out of 
three short sections of iron pipe 
welded together concentrically, and 
the anode was made of a small iron 
coupon. Welded areas of the cathode 
were coated with plastic to eliminate 
galvanic couples at the weld joints. 
The area of the cathode was about 
330 sq in. The area of the anode was 
2 sq in. The cathode was placed in 
mud at a pH of 12.1, the anode in 
mud at a pH of 8.5. The two elec- 
trodes then were shorted together for 
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several days. The results of measure- 
ments are shown in Table 1. 


The results of these tests show 
that corrosion cells with potentials of 
0.2 to 0.6 v might be expected be- 
tween two casings in contact with 
aerated muds of different pH. The 
current-producing capacity of such 
cells is substantial. During tests on 
casing models, the current from an 
oil string that is anodic was shown 
to be concentrated at the surface 
area where casing-casing corrosion 
has been found to be severe in the 
field. It further was found that the 
potential of a casing becomes more 
anodic as the oxygen concentration 
decreases. 


COLLAR CORROSION 

The potential of a collar-corrosion 
cell was measured in mud utilizing 
the recess between a joint of 914-in. 
casing and a casing collar. A ring 
made from 0.005-in. diameter iron 
wire was placed in the bottom of 
the recess, and its potential was 
measured with respect to another 
iron-wire ring outside of the recess. 
The arrangement of wires in this ap- 
paratus is shown in Fig. 9(A). The 
iron wires were protected from con- 
tact with either the casing or the 
collar by means of heavy cotton 
cloth. The measured potentials of 
the two iron wires are compared in 
Table 2. The current-carrying ca- 
pacity of the collar corrosion cell is 
given also in Table 2. 


Test results indicated that a po- 
tential of about 0.2 v might be ex- 


(A) EMPTY CELL SHOWING 
COUPLED ELECTRODES 


TABLE 1—WEIGHT LOSS OF ANODE IN SHORTED CASING-CASING CORROSION CELLS IN 


12-DAY TEST 
Cathode Anode 
Init. Init. Weight Loss (gm) 
Poten. Poten. 
Sol. pH (v) (—) Sol. _pH (v) (—) Cal. ‘Meas. 
Mud 1251 0.170 Mud 8.5 0.760 0.090 0.117 


pected from the collar corrosion cell. 
The current-producing capacity of 
such a cell is substantial and can be 
expected to produce current so long 
as the differential oxygen concentra- 
tion exists. Observations also indi- 
cated that the anode was located so 
that the corrosion would be concen- 
trated on the first exposed thread of 
the joint. 


BODY CORROSION 

A corrosion cell consisting of bare 
iron and mill scale was studied first. 
Electrodes of mill scale and mill- 
scale-coated iron were prepared in 
an electric furnace at 1,800°F. The 
potentials of the bare-iron and mill- 
scale electrodes were measured 
againt a saturated calomel electrode 
in muds of various pH’s. Results of 
these measurements are shown in 
Table 3. 


Other electrodes of mill-scale- 
coated iron were assembled with 
sand-blasted iron electrodes in sealed 
jars, as shown in Fig. 9(B). The 
muds placed in these jars were given 
various treatments to introduce or 
remove molecular oxygen. Electrical 
currents produced by these cells 
were measured with a zero-resistance 
milliameter and are given in Table 4. 


The results of tests on mill-scale 


(B) FILLED CELL SHOWING MUD, - 
WATER, AND OIL LAYERS 


Fic. 8—Corrosion CELL For Stupy oF ELECTROLYTIC CAPACITY OF IRON 
IN DIFFERENT FLUIDS 
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electrodes showed that potentials of 
0.2 to 0.3 v can be produced by a 
bare iron-mill scale corrosion cell. 
The current-producing capacity of 
this cell is sufficient to last indefi- 
nitely when molecular oxygen is 
available, and for weeks even if 
molecular oxygen is not available. 
Ultimately, as was observed at the 
end of several years, the current flow 
stops when sources of oxygen are 
depleted. 


The effect of formation water on 
body corrosion was studied next. 
This study was undertaken because 
of the severity of corrosion in some 
oil fields where high-pressure forma- 
tion fluids were believed to aggra- 
vate external casing corrosion. In 
laboratory tests, penetration of high- 
pressure formation water into ce- 
menting mud was found to follow 
vertical paths in the mud and was 
thought possibly to account for pit- 
ting along one side of a casing joint. 

Iron electrode potentials measured 
in typical formation waters of pH’s 
6.5 to 8.0 are shown in Table 5. 
These potentials are compared with 
potentials of the same iron elec- 
trodes in high-pH aerated muds. The 
corrosion capacity expressed as cou- 
pon weight loss for the anode of a 
cell made from these electrodes also 
is given. The tests again showed that 
potentials of the corrosion cells made 
by the formation water-mud con- 


TABLE 2—-CORROSION POTENTIALS AND CUR- 
RENTS MEASURED IN RECESS BETWEEN CASING 
JOINT AND CASING COLLAR 

Current (ssamps) 


Potential of Iron ot End of 3-Min. 
Between Wires 


Wi = 
Sol. pH Recessed Exposed 10-ohm Resistor 
Mud 12.0 0.622 0.352 2.00 
. Mud 10.5 0.680 0.650 0.65 


TABLE 3-— POTENTIALS OF MILL-SCALE AND 
IRON ELECTRODES IN AN ALKALINE DRILLING 
MUD PURGED WITH NITROGEN 


Mill-Scale Sand-Blasted Poten 
Time Iron Elec. Iron Elec. Diff. 
(mos.) Poten. (v) (—)  Poten. (v) (—) (v) 
Start 0.272 0.540 0.268 
1 0.284 0.513 0.229 
2 0.310 0.503 0.193 
3 0.329 0.483 0.154 
4 0.338 0.470 0.132 


TABLE 4—CURRENT MEASURED BETWEEN MILL- 
SCALE AND IRON ELECTRODES IN ALKALINE 
DRILLING MUD PURGED WITH NITROGEN 


Current (milliamps) 


Time Shorted Unshorted* 
(mos.) Electrodes Electrodes 
Start 0.055 0.030 
1 0.045 0.090 
2 0.040 0.070 
3 0.001 0.105 
0.065 0.107 


*Instantaneous reading. 
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tacts on the casing are reduced to a 
low value when molecular oxygen is 
removed from the mud. 


The effect of sulfate-reducing bac- 
teria was investigated as a promoter 
of body corrosion. The study was 
carried out because iron sulfides fre- 
quently are found in pits on oil- 
string casing.” Conventional cement- 
ing mud was considered too alkaline 
to support appreciable growth of 
sulfate reducers or to allow metal 
contamination with these bacteria. 
Therefore, artificial iron pits were 
used which were not precontami- 
nated with sulfate-reducing bacteria, 
and solutions were used which might 
be present in a pit filled with nearly 
neutral iron oxide and sulfide cor- 
rosion products. The object of the 
study was to discover if sulfate-re- 
ducing bacteria could grow in a cas- 
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ing pit and could make the iron 
more anodic on this area. A general 
mechanism for corrosion by sulfate- 
reducing bacteria was not tested. 


Electrode potentials were meas- 
ured for iron covered with colonies 
of sulfate-reducing bacteria. The ap- 
paratus used to carry out the study 
is shown in Fig. 9(C). Pieces of iron 
were sand-blasted and placed in the 
apparatus under anaerobic condi- 
tions. Nutrient solutions were pre- 
pared containing sulfate-reducing bac- 
teria. The cultures then were incu- 


TABLE 6—POTENTIALS OF IRON ELECTRODES IN 
BRINE SHOWING DIFFERENCES PRODUCED BY 
GROWTH OF SULFATE-REDUCING BACTERIA 


pH Potential of Iron (v) (—) 
Time of Bact. No Bact. 
(days) Brine Growing Growing 
Start 7.0 0.769 0.769 
1 7.0 0.771 0.749 
2 7.0 0.768 0.743 
3 7.0 0.766 0.736 
Start 8.0 0.762 0.736 
1 8.0 0.774 0.768 
2 8.0 0.770 0.757 
3 8.0 0.765 0.748 


bated at 90°F inside the test appa- 
ratus. Potentials of the iron elec- 
trodes referred to saturated calomel 
electrodes were measured as a func- 
tion of time and are shown in 
Table 6. These potentials are com- 
pared also with potentials of iron in 
aerated brine but without bacteria. 
The increased current density that is 
possible at an iron anode promoted 
by a local colony of sulfate-reducing 
bacteria was estimated to be appre- 
ciable. Current densities, however, 
were not measured because of the 
difficulty in determining the area of 
the bacterial activity. 


GROWTH OF CORROSION PIT 


The effect of pit diameter on 
pitting activity was studied because 
of the frequent occurrence of local- 
ized external attack on casings. The 
study was confined to determining 
the influence of pit diameter on the 
potential that might develop at the 
bottom of a corrosion pit. The ap- 
paratus used in the experiments is 
shown in Fig. 9(D). To represent 
pits, a number of holes of different 
diameters were made in 12-in.-thick 
carbon steel blocks. An iron elec- 
trode was sealed across the bottom 
of each hole, and each of these 
electrodes was insulated from the 
steel block by means of a plastic 
plate. An aerated polyphosphate so- 
lution, sometimes used for wash 
water in oilwell cementing opera- 
tions, was used in the test cell. The 
solution filled all of the holes and 
covered the top of the test block to 
a depth of % in. The potential of 
each iron electrode was measured 
against a saturated calomel electrode 
over a period of many days. 


As shown in Fig. 10, the potential 
at the bottom of each hole became 
more cathodic with increase in hole 
diameter at the end of the test. The 


TABLE 5—WEIGHT LOSS OF ANODES IN SHORTED CORROSION CELLS IN 14-DAY TEST 


Cathode Anode 
Init. Init. 
Polen Polen. Weight Loss (gm) 
Sol. pH (v) (—) Sol. pH (v) (—) Cale. Meas. 
Mud A 12.0 0.237 FW** 1 0.771 0.137 0.120 
Mud B 203 0.372 FW 3 0.737 0.135 0.139 
Mud A* 12.3 0.531 FW 2 0.717 0.125 0.132 


*Treated with corrision inhibitor. 
**FW = Formation Water. 
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results of this test indicate that dif- 
ferential aeration pits tend to become 
sharper as they progress into the 
iron. 


SECONDARY FACTORS IN 
CASING CORROSION 


The causes of corrosion previous- 
ly discussed describe the necessary 
and sufficient conditions for devel- 
oping the highly localized character 
of casing corrosion. However, other 
factors also may be involved in the 
corrosion rate when the anodic areas 
are small. Three of these factors 
may have a significant effect on the 
life of some casings because they 
tend to accelerate the pitting proc- 
esses by flow of gross positive cur- 
rent out from large areas of the 
casing. 

An experiment was considered 
necessary to demonstrate this accel- 
eration of pitting by outward flow of 
positive current from a casing sur- 
face. Therefore, a prototype casing 
coated with mill scale was built, with 
a small isolated area of metal left 
exposed. Positive currents of vary- 
ing strengths from an external cath- 
ode were used to increase the av- 
erage anode current density on the 
casing surface when it was immersed 
in mud. Current densities then were 
measured for positive currents leav- 
ing the exposed area. When the ratio 
of mill-scale-covered area to exposed 
area was 60:1, all applied external 
currents that created an average cur- 
rent density above 2.5 milliamp/sq ft 
resulted in a greater than-average 
discharge current density from the 
exposed area of the casing. When the 
ratio of mill-scale-covered area to 
exposed area was 1,000:1, a greater- 
than-average discharge current den- 
sity occurred when the average ap- 
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plied current density exceeded 1.2 
milliamp/sq ft. 
FLOW LINE CURRENT 

A positive current of sufficient 
strength flowing into a well from at- 
tached flow lines, as shown before, 
tends to accelerate pitting corrosion 
at almost any place on the casing. 
The effect is similar to one where 
the cathode of the corrosion cell is 
made much larger because the sur- 
face flow lines become a part of the 
casing cathodic area. Current lines 
to some degree follow the classic 
potential theory lines through the 
ground when no highly localized 
anodic areas exist. If highly localized 
anodic areas do exist, however, the 
current density at these areas may 
be increased, and pitting may tend 
to be more severe. 


INTERFERENCE CURRENTS 

A positive current from a cath- 
odic-protection anode may flow un- 
derground first to an unprotected 
casing and then return to a protected 
casing if the unprotected casing is in 
the electrical field of the protected 
well. Current flowing in this path is 
called interference current. Uniform 
return of the interference current 
from the unprotected casing may be 
expected if there are no localized 
anodic areas on the unprotected cas- 
ing. If there are localized anode 
areas, interference current will ac- 
celerate pitting corrosion on the un- 
protected casing. 


SELF-POTENTIAL CURRENTS 
Self-potential currents flowing in 
wellbores have been suggested as a 
primary source of casing corrosion 
for several years.” However, the ex- 
periment described herein suggests 
that self-potential currents are only 
secondary factors. The positive cur- 
rent flowing on a casing from a 
point opposite a shale bed and leav- 
ing the casing at a point opposite a 
sand formation containing brine 


usually is discharged uniformly over . 


the casing surface. If anodic areas 
are highly localized, then a positive 
self-potential current of sufficient 
magnitude would tend to leave the 
anodic areas at greater-than-average 
current density. Self-potential in this 
case has the effect of increasing the 
potential of the local corrosion cells. 


FLOWING FORMATION WATER 
Body corrosion may be acceler- 
ated if formation water flows behind 
the casing from one formation to an- 
other. Flow of formation water will 
increase the chance of water contact 
with the casing surface. Current in 
the corrosion cells that is set uv at 


the formation water-mud boundary 
is increased by the movement of the 
water. The current-producing capac- 
ity of this cell will be greater than 
in the static system, and the current 
will last a longer time. The accelera- 
tive corrosion effects of the flowing 
formation water are not produced, 
however, if oxygen is absent from 
the water and if oxygen is also re- 
moved from the mud surrounding 
the casing. 


LABORATORY STUDY OF 
OXYGEN SCAVENGERS 


The four kinds of casing corro- 
sion discussed in this paper were 
seen to be largely the result of dif- 
ferential oxygen concentration at- 
tack. Therefore, oxygen scavengers 
were investigated in the laboratory 
as a means of controlling the ex- 
ternal corrosion of oil-string casing. 

Laboratory investigations showed 
that water-soluble reducing agents, 
such as ferrous chloride, ferrous 
hydroxide, powdered iron, stannous 
chloride and hydrazine, react with 
dissolved oxygen in alkaline drilling 
muds. These investigations also 
showed that the potential of iron in 
such treated mud shifts in the anodic 
direction as oxygen is consumed. 
Complete removal of the dissolved 
oxygen resulted in virtual cessation 
of corrosion. 


Standard API tests of drilling-fluid 
properties showed that the use of 
ferrous chloride or stannous chloride 
adversely affected the physical prop- 
erties of some test fluids and that 
mud reconditioning frequently would 
be necessary if these oxygen scaven- 
gers are used. Similar tests with 
hydrazine showed no adverse effects. 
Table 7 compares the physical prop- 
erties of a typical alkaline-emulsion 
drilling fluid before and after the 
addition of 1.5 1b/bbl of 35 per cent 
hydrazine-water solution. Table 7 
shows that the addition of 1.5 lb/bbl 
of hydrazine had no adverse effect 
on the drilling-fluid properties. The 
amount of hydrazine used in this 
test is estimated to be about 100 
times the amount needed to consume 
the oxygen dissolved in typical air- 
saturated drilling fluid. 


TABLE 7—EFFECT OF HYDRAZINE ON THE PHYS- 
ICAL PROPERTIES OF A TYPICAL ALKALINE 
DRILLING FLUID 


Before After 
Fluid Property Treatment Treatment 
Weight, Ib/cu ft 78 78 
Marsh Viscosity 
sec. 45 45 
1 qt 
Gel Strength (10 min) 0.0 & 1.5 0.0&1.5 
Water Loss 
(30 min; 100 psi), ml a2 2 
Filter Cake (API), in. 1/32 1/32 
pH 12 12 
Temperature, °F 135 135 
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Standard tests also were made to 
study the effect of hydrazine on the 
physical properties of set cement. 
Results of the tests are shown in 
Table 8. 


Differences noted in the tensile 
and compressive strengths of treated 
and untreated cements are not con- 
sidered to be significant. The spread 
of data for multiple tests was greater 
than the difference in the averages 
shown in Table 8. Apparently, hy- 
drazine has no adverse effect on the 
physical properties of oilwell cement. 


Electrochemical cells were set up 
to study the effect of hydrazine on 
the potential of J-55 steel electrodes 
in treated and untreated alkaline 
drilling-fluid samples. The objective 
of the study was to find out if the 
potential of iron could be shifted 
sufficiently far in the anodic direc- 
tion to prevent corrosion attack on 
the test coupons. Potentials were 
measured for several months, and re- 
sults of the tests are shown in Table 


Table 9 shows that the initial po- 
tential of sand-blasted J-55 steel in 
untreated drilling fluid was about 
390 mv (538 to 146 mv) more ano- 
dic (negative) than the mill-scale- 
coated J-55 steel. This indicates that 
the bare steel was corroding because 
of the bare steel-mill scale couple 
existing in the oxygen-saturated mud. 
Such a couple can produce rapid pit- 
ting corrosion if the area of bare 
steel is small compared to the sur- 
rounding area of mill scale. The 
table shows also that the potentials 
of both the bare steel and mill-scale- 
coated steel are shifted in the anodic 
direction by the consumption of 
available oxygen. In the untreated 
mud, oxygen consumption is ac- 
complished by the corrosion reac- 
tion shown by Eqs. 1 through 4. In 
the hydrazine-treated mud, oxygen 


TABLE 8—EFFECT OF HYDRAZINE ON THE PHYS- 
ICAL PROPERTIES OF CLASS E OILWELL 


CEMENT* 
Strength Hydrazine- 
Property Untreated Treated 
1-Day 7-Day 1-Day 7-Day 
Avg. Tensile (psi) 316 425 290 465 


Avg. Compress. (psi) 3506 7361 2627 #6031 
*40-per cent slurry cured at 160°F. 


TABLE 9—EFFECT OF HYDRAZINE ON THE PO- 
TENTIALS* OF SAND-BLASTED AND MILL-SCALE- 
COATED J-55 STEEL IN AN ALKALINE- 
EMULSION DRILLING FLUID 


Potential (— my)** 
Hydrazine Initial Final 
(Ib/bbl) SB M-S SB M-S 
0 538 146 525 513 
0.2 577 363 619 620 
1.0 575 462 643 652 


*Potentials are referred to saturated calomel 
scale; add 80-mv to convert to Cu, CuSOs 
scale. 

**SB = Sand Blasted, M-S = Mill-Scale. 
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reacts with the hydrazine and is con- 
verted to water. 

Potential shifts in the anodic direc- 
tion indicate a reduction in the gen- 
eral corrosion tendency, while the 
disappearance of potential differ- 
ences between the bare steel and the 
mill-scale indicates the disappearance 
of the tendency for pitting corrosion. 


This reaction shows that hydrazine 
can have no deleterious effect on the 
drilling mud because its reaction 
products are only water and nitro- 
gen gas. Hydrazine is an alkaline 
material and will have a slight ten- 
dency to raise the pH of some 
treated muds. 


The next section of the paper de- 
scribes results of field tests with hy- 
drazine injected into the mud used in 
cementing several wells. 


HYDRAZINE FIELD TESTS 


Hydrazine was injected into the 
drilling fluid left behind each casing 
in four test wells in two Southern 
California oil fields. Three untreated 
wells also were selected in the same 
field for comparison purposes. Treat- 
ed and untreated test wells in each 
field were selected because of the 
similarity in depth, casing size, meth- 
od of completion and kind of mud 
used to drill and complete each well. 
Information about the test wells is 
given in Table 10. 


Hydrazine effectiveness can be 
estimated from the difference in the 
cathodic currents needed to protect 
treated and untreated wells. Con- 
sumption of available oxygen re- 
duces corrosion and reduces the 
amount of cathodic current needed 
to protect a well. Comparison of 
current requirements for treated and 
untreated wells, therefore, should be 
an indirect measure of hydrazine 
effectiveness. Cathodic current re- 
quirements during these tests were 


TABLE 10—PERTINENT INFORMATION ABOUT 
THE TEST WELLS 
Well Kind of 
Depth Hydrazine Drilling 
Well No. (ft) Treated Mud 
Field A 
‘High pH 
A-1 10,100 No Oil Emul. 
‘High pH 
A-2 10,658 Yes Oil Emul. 
Field B 
\High pH 
B-1 14,260 No Oil Emul. 
High pH 
B-2 13,950 No Oil Emul. 
High pH 
B-3 13,350 Yes Oil Emul. 
(High pH 
B-4 14,195 Yes Oil Emul. 
pH 
B-4* 13,947 Yes Oil Emul. 
High pH 
B-5 13,955 Yes Oil Emul. 


*Well B-4 was re-drilled and recompleted. 


measured by the “null” potential 
method that was first proposed by 
Pearson’ in 1942. 


A series of direct currents of in- 
creasing strengths was applied to 
each test casing, and the potential of 
each casing was measured between 
the wellhead and a remote reference 
electrode (Cu, CuSO, half cell) for 
each current immediately after the 
current was interrupted. Cathodic 
current requirements then were esti- 
mated from the intersection of the 
straight-line portions of the potential 
vs log-current curves plotted from 
this null-potential data. Representa- 
tive curves are shown in Fig. 11. 


Fig. 11 shows that a current of 
36 amps would be needed to protect 
untreated Well B-1. Fig. 11 also 
shows that hydrazine-treated Well 
B-5 required only a current of 17 
amps for protection. Current re- 
quirements were determined for both 
wells approximately three years after 
each was completed. The lower cur- 
rent required to protect Well B-5 is 
attributed to oxygen scavenging by 
the hydrazine used to treat the well. 


Current requirements were deter- 
mined for each test well at various 
times over a four-year period. Re- 
sults of the determinations are pre- 
sented in Table 11 and plotted as 
current-vs-time curves in Figs. 12 
and 13. 

In Fig. 12 the assumption is made 
that the initial current requirements 
for Wells A-1 and A-2 are approxi- 
mately 25 amps. This value was 
chosen because it is typical of cur- 
rent requirements measured for wells 
in the area. 

Fig. 12 shows a marked reduction 
in current required during the first 
year for both the untreated and 
treated wells. The current-require- 
ment reduction in the untreated well 
is attributed to partial oxygen con- 
sumption by corrosion. The much 
greater and more rapid reduction in 
current requirements in the treated 
well is attributed to the action of the 
hydrazine. It also will be noted that 
after the first year the current re- 
quired to protect the treated well was 
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TABLE 11—-CURRENT REQUIRED TO PROTECT 
THE TEST WELLS 


Time from Cathodic 
Completion Current 
Well No. (years) (amps) 
Field A 
A-1 15 15, 
4.6 16 
A-2 0.95 
4.1 10 
Field B 
B-1 2.0 35 
3.0 36 
4.8 20 
B-2 0.98 28 
23 27\/2 
4.0 23 
B-3 0.46 25 
0.79 23 
15 
B-4 0.26 32 
0.59 28 
Re-drill 1.8 15 
B-5 0.19 20 
0.60 18 
2.9 17 


TABLE 12 — HYDRAZINE REQUIREMENTS FOR 
VARIOUS VOLUMES OF DRILLING MUD 


Drillin 
Approx: Well _35% Hydrazine 
(bbl) \Depth (ft) Gai Lb 
Up to 100 Up to 4000 6 48 
100-200 4000- 6000 12 96 
200-300 6000- 8000 18 144 
300-500 8000-12000 80 240 


nearly 45 per cent less than for the 
untreated well. Undoubtedly less cor- 
rosion took place on the outside of 
the casing in the treated well than 
on the casing of the untreated well 
during the first three to four years 
after completion. 


Fig. 13 shows the effectiveness of 
hydrazine in another oil field. In 
each instance, the current required 
to protect a treated well rapidly de- 
creased during the first year after 
completion and either continued a 
downward trend or leveled off dur- 
ing the next one to two years. There 
is no indication of an increase in 
current, which presumably could in- 
dicate depletion of the hydrazine 
and an influx of oxygen. Fig. 13 also 
shows that current requirements for 
the two untreated wells (B-1 and 
B-2) decreased with time, but at a 
much slower rate than in the treated 
wells. Hydrazine apparently makes 
its greatest contribution to the pre- 
vention of external casing failure 
during the first 12 to 18 months 
after a well is completed. This is a 
particularly important period be- 
cause it is during this period that 
differential oxygen concentration 
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cells can cause the greatest amount 
of damage through pitting corrosion 
attack. 


The favorable results from the 
laboratory and field tests showed 
that the use of hydrazine in the ce- 
menting mud was an effective, inex- 
pensive and easily applied method 
for controlling external casing cor- 
rosion. The material has been used 
in over 200 wells of Standard Oil 
Co. of California. 


CONCLUSIONS 


1. External casing corrosion can 
be classified into four major types: 
water-line, casing-casing, collar and 
body. A mechanism for each type of 
external corrosion can be developed 
from principles of differential aera- 
tion. 


2. Casing leaks are caused by 
highly localized corrosion attack. 


3. The use of oxygen scavengers 
to control the corrosion attack is 
based on corrosion mechanisms de- 
veloped from the principles of dif- 
ferential aeration. Laboratory tests 
show that hydrazine is a convenient 
and effective oxygen scavenger for 
use in oil wells. 


4. Field tests of hydrazine show 
that the use of hydrazine in cement- 
ing mud materially reduces cathodic- 
protection current requirements for 
treated wells. This reduction in cur- 


rent requirements is interpreted to, 


indicate substantial consumption of 
oxygen around the oil-string casing 
and consequent reduction in external 
corrosion. 


5. Hydrazine appears to have par- 
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ticular usefulness for removing oxy- 
gen during the first 12 to 18 months 
after well treatment. Hence, a sig- 
nificant amount of corrosion can be 
prevented early in the life of a well 
when differential oxygen concentra- 
tion cells are most active and able 
to cause pitting corrosion at a high 
rate. 


6. Test results do not show any 
significant reduction in hydrazine ef- 
fectiveness even after use in wells 
for three to four years. It is possible 
that a major part of the effectiveness 
may last the life of the treated well. 
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ABSTRACT 


This paper presents a method for predicting the man- 
ner in which oil will be displaced from a porous body 
by enriched gas. The calculations apply to a gas rich 
enough to give a partially, but not a completely, misci- 
ble displacement. The method — a three-component, 
two-phase analysis — takes into account condensation 
of some of the intermediate hydrocarbons from the 
injected gas into the oil, as well as enhanced volatility of 
heavier hydrocarbons at elevated pressures and tempera- 
tures. The condensation swells the oil and decreases its 
viscosity, thus aiding in its recovery. 


The calculations have been extended to apply to 
actual crude oil-natural gas systems by arranging the 
components into three groups according to their volatil- 
ity. As an approximation, each group is then treated as 
a single component in the analysis. The influence of an 
angle of dip for an inclined displacement is also taken 
into account. 


The recovery predictions are corroborated by experi- 
ments which used both consolidated sand cores and un- 
consolidated glass beads. In some of these tests, actual 
live crude oil was displaced by a multicomponent gas 
typical of enriched gases used in oil fields. 


INTRODUCTION 


This paper presents a method for predicting the 
amount of oil that can be displaced from a homo- 
geneous, linear, porous body at various stages during 
the injection of enriched, or “wet”, gas. The porous 
body can be in either a horizontal or an inclined posi- 
tion. This type of displacement is sometimes known 
as “condensing gas drive”.** The method is developed 
especially for the case in which the injected gas is en- 
riched enough to be partially, but not completely, 
miscible with the reservoir oil. The need for a calcula- 
tive procedure for this type of operation is emphasized 


Original manuscript received in Society of Petroleum Engineers 
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1960, in Denver, 

1References given at end of paper. 
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by the number of field projects where completely misci- 
ble drives are not practical, but where near-miscible 
conditions are feasible. 

The factors taken into account in the predictive 
calculations include: (1) the condensation of gas com- 
ponents into the oil, with a resulting increase in oil 
volume; (2) the lowering of oil viscosity by the addi- 
tion of lighter ends from the gas; (3) the increase in 
oil volatility at high temperatures and pressures; and 
(4) the physical displacement of the oil by the gas. 

The techniques developed in the paper can be ex- 
tended to other nonequilibrium displacement processes. 
Other such processes that we have analyzed include a 
displacement by lean gas which stripped intermediates 
from the oil, and a water flood in which the water con- 
tained in solution a substance somewhat soluble in the 
oil. 


ANALYSIS OF ENRICHED-GAS DRIVE 


GENERAL PRINCIPLES 


Our method for predicting the amount of oil that 
can be displaced by an enriched gas uses an analogy 
between a three-component and a multicomponent sys- 
tem.’ The predictive method is based on these assump- 
tions: (1) constant, or nearly constant, pressure; (2) 
complete equilibrium by diffusion perpendicular to the 
main direction of flow, but no significant mixing along 
the direction of flow; (3) constant injection velocity; 
and (4) flow in a linear porous body. 

The composition of a liquid or a vapor with respect to 
three components can be plotted on a three-component, 
or ternary, diagram like that in Fig. 1. Let Point A 
represent the composition of the oil originally in place. 
In this case, Oil A is undersaturated with gas. If Point 
A lay on the equilibrium Curve BF, the oil would be 
saturated. In the extreme case where the original oil 
contained no intermediates or dissolved gas, Point A 
would lie at the lower left-hand corner of the ternary 
diagram. 

In a displacement of Oil A by Gas D, there will be a 
progressive change in the composition of the oil phase 
as more and more gas is brought into equilibrium with 
the oil. The end result of this progressive change is an 
oil having the composition represented by Point F. This 
oil is richer in intermediate hydrocarbon and methane 
than the original oil and, therefore, has a greater forma- 
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tion volume factor and a lower viscosity than the 
original oil. 

BC is the particular tie line, or line connecting liquid 
and vapor compositions in equilibrium, that will pass 
through Point A if extended (Fig. 1). EF is the par- 
ticular tie line that will pass through Point D. 


The actual displacement process is visualized as fol- 
lows (later in the paper, the conclusions given are 
verified both mathematically and experimentally). As 
wet gas enters a porous body originally saturated with 
liquid, various gas saturations form at different positions 
along the porous body. As injection continues, gas 
moves farther downstream. With a constant rate of 
injection each gas saturation moves at a constant ve- 
locity, with the lower saturations moving fastest — 
indicating gas fingering into the oil. Because of the con- 
stant-velocity condition, a saturation profile in terms 
of distance need be established for only one time; as 
injection continues, the profile for any other time can 
readily be derived by simply stretching the original pro- 
file. Further explanation and justification of this simpli- 
fying principle will be found in Appendix B. 


Fig. 2 shows a typical saturation profile resulting 
from wet-gas injection. This profile has been divided 
into various regions, I through V, to illustrate both the 
phase behavior and the process by which the gas physi- 
cally displaces the oil. The liquids and vapors present at 
various points in Fig. 2 have compositions shown in 
Fig. 1. For example, in Fig. 2, the original oil (A) has 
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the composition represented by Point A in Fig. 1. Oil 
A is present in the downstream part of the porous body, 
ahead of the farthest point of gas penetration (Region 
V). After contact with the advancing gas (Region IV, 
Fig. 2), the oil composition is changed to that of Point 
B in Fig. 1. The oil gradually becomes enriched by the 
wet gas in Region III, and the fully enriched liquid rep- 
resented by Point F in Fig. 1 is found near the point of 
enriched-gas injection in Region II of Fig. 2. If the 
heaviest component (or components) in the enriched 
liquid has appreciable volatility, the liquid phase will 
be completely evaporated near the inlet end of the 
porous body. Thus, a region (Region I) that contains 
only injected Gas D will be formed. 


STARTING DATA AND EQUATIONS USED 

In addition to the equilibrium information given in 
the ternary diagram just described, the following start- 
ing data are needed to predict the performance of a 
wet-gas drive. 

1. Densities of the liquids and gases existing in 
equilibrium, whose compositions are shown on the 
ternary diagram. Liquid and gas densities were estimated 
by the methods of Standing’ and Maxwell,” respectively. 


2. Viscosities of the liquids and gases existing in 
equilibrium. These viscosities were estimated by the 
methods of Beal’ and Maxwell,’ respectively. For check 
purposes, a few liquid viscosities were measured by the 
standard rolling-ball technique. 


3. Relative permeabilities to gas and to liquid as a 
function of saturation. The k,,/k,, ratios for the porous 
media used are shown in Fig. 3. 


4. Absolute permeability and hydrocarbon-occupied 
porosity. 

5. Composition of the gas to be injected and the rate 
of gas injection. 

6. Average dip angle, if any, and average cross-sec- 
tional area of the porous body exposed to flow. 


7. Operating temperature and average operating pres- 
sure. 


The equations used (see Appendix A for their devel- 
opment) have the form of a material balance. This 
balance states: the mass of any one of the three com- 
ponents (Component 1, 2, or 3) that enters a thin 
slice of the porous body in a short time interval, less 
the mass of that component leaving the section, is 
equal to the mass accumulated within the section. 


The material-balance equations are of two types. 
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They are ordinary algebraic equations if they are ap- 
plied to the motion of a discontinuity, such as the 
boundary between Regions I and II in Fig. 2. They are 
partial differential equations if they are applied to flow 
within a region, such as Region III in Fig. 2, in which 
the concentrations change gradually. 


The key relations needed to construct a plot of sat- 
uration against distance, like that shown in Bigs 2ssare 
those giving the velocities with which saturations move. 
In regions (such as Regions II or IV) in which the 
concentrations do not change, the velocity will be given 


by 
“) = 1 


Eq. 1 has been derived previously.° In Region III, where 
the gas and the oil are changing in concentration, the 
velocity is given by 


dx 


Both Eqs. 1 and 2 follow from material-balance con- 
siderations. Eq. 2 is derived in Appendix A. 

_ Since any particular saturation moves at a constant 
velocity, its position at any time will be the product of 
this velocity and the time at which its position is de- 
sired. The time scale starts at the start of the wet-gas 
injection. 

In predicting the performance of a wet-gas displace- 
ment, we first calculate the velocities with which liquid 
saturations move in Regions II, III and IV (Fig. 2), in 
that order.* Then we obtain the time of arrival of each 
saturation at the outflow face of the porous body. This 
time is directly proportional to the cumulative volume 
of gas injected. 

Finally, for any one of these arrival times, we can 
calculate the mass of Component 3 (which represents 
stock-tank oil) left in the porous body. In principle, this 
calculation is carried out by integrating under a satura- 
tion profile like that shown in Fig. 2. Account must, of 
course, be taken of the different oil concentrations in 
the various regions shown in Fig. 2. If the oil has some 
volatility, the relatively small amount of it present in 
the gas space should also be taken into account. The 
mass of the residual oil is expressed as a fraction of 
the mass of Component 3 originally present in the 
porous body. 

The fraction of the stock-tank oil recovered at any of 
the afore-mentioned times will, of course, be the com- 
plement of the fraction of residual oil. Further details 
on this calculation are illustrated in the sample calcula- 
tion given in Appendix C. 


EXPERIMENTAL WORK TO TEST 
THE ANALYSIS 


Slim models of Bandera sandstone and of glass beads 
were used in the displacement work. Displacement tests 
using a strictly three-component system (methane, pro- 
pane and Soltrol “C”, Fig. 1) were carried out in the 
sandstone models. Tests using a multicomponent system 
in which an enriched gas displaced a saturated crude 
oil were carried out in the glass-bead models. The re- 
quired relative permeability data, shown in Fig. 3, were 


*To determine the saturation at the start of each region, we use 
the following equations found in Appendix A. For Region II, we 
use Eqs. 6, 8, and 9; for Region III, we set equal the velocities 
given by Eqs. 1 and 2 above; for Regions IV and V, refer to sec- 
tion beginning under the heading ‘‘Calculations in Region IV”, Ap- 
pendix A. 
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obtained for each model by displacing oil with an in- 
soluble gas (gas drive). 

The Bandera sandstone models, which were 2 in. in 
diameter and about 18 ft in length, were confined in 
low-melting alloy cast inside a steel pipe. They had a 
permeability of about 10 md. Connate water was estab- 
lished by displacing water from the core with a viscous 
refined oil. The oil was then displaced with Soltrol “C”, 
a close-cut refined oil approximating n-C,.H,, in com- 
position and physical properties. 

In the work done with unconsolidated glass beads, 
the beads were packed in stainless-steel tubes about 
% in. in diameter and 20 ft in length. The bead packs 
had permeability ranging from 4 to 25 darcies. Each 
tube was coiled inside an oven to maintain the proper 
reservoir temperature. For inclined displacement, the 
tube was wound in a helix of constant pitch, and the 
helix was placed inside a larger heated tube set upright. 


Crude oil-natural gas systems can be described by 
arranging their components in three groups. The follow- 
ing grouping, shown in the ternary diagram of Fig. 4, 
was found best with the crude oil-gas system used: 
Component 1 — N,, C,, CO.; Component 2 — C.-C, 
and H.S; and Component 3 — C,,. 

The diagram in Fig. 4 was arrived at by analyzing 
samples of liquid and of coexisting vapor produced in 
an actual horizontal displacement from a slim tube. We 
have also found, however, that tests in a PVT cell may 
possibly be used to establish the ternary diagram. Reser- 
voir oil is placed in the cell with gas having the com- 
position of the enriched gas that is to be injected into 
the porous body. The fluids are then brought into equili- 
brium and analyzed. 

The reservoir crude had a saturation pressure of 
about 2,000 psia. The actual compositions (mol frac- 
tions) of this crude oil, of the gas in equilibrium with 
it and of the injected gas are shown in Table 1. 


RESULTS 


The experimental results with both Bandera sandstone 
and glass beads confirm the theoretical predictions. Sat- 
isfactory confirmation is shown for multicomponent as 
well as for three-component systems, and for inclined 
as well as for horizontal systems. The results, together 
with the predictions, are shown in Figs. 5 and 6. In 
these figures, gas throughput is expressed in terms of the 
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TABLE 1—MEASURED COMPOSITIONS (MOL FRACTIONS) OF CRUDE OIL, 
EQUILIBRIUM GAS AND INJECTED GAS IN PVT CELL TESTS 


Crude Equilibrium Injected 
Component Oil** Gas Gas 
Ne 0.0036 — 
Ci 0.2422 0.733 0.430 
CO2z 0.0549 0.079 0.117 
C2 0.0939 0.113 0.180 
H2S 0.0126 0.012 
Cs 0.0635 0.056 0.161 
iC4 0.0130 — 
nC4 0.0422 0.013 0.062 
iCs 0.0105 — 
nCs 0.0264 0.006 0.038 
Ce 0.0266 
0.4106 
1.0000 1.000 1.000 


Specific gravity of Cr+ = 0.875; Molecular weight of C7+ = 248. 
**Stock-tank gravity of crude oil was about 36° API. 


hydrocarbon-occupied pore space in the porous body, 
that is, in terms of hydrocarbon volumes (HV). 

Various arrangements were tried as alternatives for 
the grouping proposed in the preceding section on ex- 
perimental work. For example, we tried the following 
grouping: Component 1 — N:, C,, CO,; Component 2 
—C.-C,; and H.S; and Component 3 —C,. It will 
be seen that this arrangement differs from the pre- 
ceding one in that the hexane is considered part of 
Component 3 instead of part of Component 2. With 
this change, the predicted oil recoveries shown by the 
lower curve in Fig. 6 were slightly increased. For ex- 
ample, at 1.4 HV of wet-gas injection, the recovery was 
increased by about 0.02 units on the vertical scale, 
i.e., from 0.80 to 0.82. 


Other trial arrangements of components included 
grouping ethane with Component 1 instead of with 
Component 2 and grouping carbon dioxide with Com- 
ponent 2 instead of with Component 1. In no case did 
a change in the grouping raise or lower the recovery 
curve by more than 0.05 units on the vertical scale of 
Fig. 6. 

The method of calculation has been programed for 
the IBM 650 computer. The solution of a wet-gas dis- 
placement problem requires about an hour’s time on this 
medium-speed machine. 


CONCLUSIONS 


An analysis for predicting recovery of oil by wet-gas 
injection into homogeneous, linear, porous bodies has 
been developed and tested. The method, a three-com- 
ponent analysis, fully takes into account a number of 
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mechanisms by which wet gas displaces oil. These 
mechanisms include: (1) condensation of some of the 
gas into the oil, with a resulting increase in volume; 
(2) reduction of oil viscosity by the addition of lighter 
ends; (3) increase in oil volatility, particularly at high 
temperatures and pressures; and (4) physical displace- 
ment of the oil by the gas. 

The accuracy of the prediction method has been 
proved by laboratory experiments, some of which used 
actual crude oil. Experimental recovery from both con- 
solidated sandstone and slim, bead-packed tubes agreed 
well with that predicted. 


NOMENCLATURE* 


A = cross-sectional area of hydrocarbon-occu- 
pied pores, sq cm 
a; — M,;, gm/cc 


— m,;), gm/cc 


C = parameter denoting the concentration of 
Component 3 in liquid phase. C is given 
by (mol fraction of Component 3 in 
liquid free of intermediates) less (mol 
fraction of Component 3 in enriched 
liquid) 

D = determinant 

F=fm,, + (1 — f) my, gm/cc 

f = fraction of liquid flow in total flow 

Ks My k Po) 8 sin 


u 

fs = df/dS, (in the immediately preceding ex- 
pression, the quantities that need deriva- 
tives are k,, and k,,) 

G, = accumulated gas injected (hydrocarbon 
volumes) = 

L = length of porous body, cm 

M = average molecular weight of component 
in the injected gas 


*For other symbol definitions, see AIME Symbols List in Trans., 
(1956) 207, 363. 
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a 


m,; = mass of Component j per unit volume of 


gas = (mass fraction of Component j 
in the gas phase) X (gas density), 
gm/cc 


m,; = mass of Component j per unit volume of 
liquid = (mass fraction of Component 
j in the liquid phase) X (liquid den- 
sity), gm/cc 


Res = amount of Component 3 remaining in 
porous body, gm 
S, = liquid saturation 
t = time after start of gas injection, sec 
u = volumetric flow per unit cross section of 
hydrocarbon pore space, cm/sec 
X = distance from inlet end along porous body, 
cm 
ys mol fraction of Component 1 or Com- 
ponent 2 in the injected gas 
Zz = supercompressibility of injected gas 
= D [a;, m’,;, m,3]/D [a;, a’;,m,;] 
C= , cm/sec 
§ = angle of dip of porous body, degrees of arc 
So 


@ = hydrocarbon-occupied porosity 


SUBSCRIPTS 
a, b = pertaining to the discontinuity at 
farthest point of gas penetration 
for case a or base b 
C,C + AC = pertaining to the concentration C 
OF 
= pertaining to the discontinuity at 
the point where liquid is first en- 
countered by the injection gas 
(i. e., the evaporation front) 

j = pertaining to any one of the three 
components: light ends (1), in- 
termediates (2) and heavy ends 
(3) 

S = derivative with respect to S, 

1, 2,3 = pertaining to Component 1, 2 or 3; 
or pertaining to the start, 1, or 
to the end, 2, of a step in Region 
Ul 

I, I, IW, 1V, V = pertaining to Regions I, II, Ill, IV 
or V 


SUPERSCRIPTS 
’ = ordinary derivative 
— = pertaining to the upstream side of the first 
discontinuity encountered by the inject- 
ed gas 
+ = pertaining to the downstream side of the 
first discontinuity 
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APPENDIX A 


DERIVATION OF EQUATIONS AND 
OUTLINE OF CALCULATION PROCEDURE 


EXISTENCE OF A REGION (II) 
OF CONSTANT COMPOSITION 


Three material-balance equations must be written at 
the boundary between Regions I and II (Fig. 2), or 
the “evaporation front”—one equation each for Com- 
ponents 1, 2 and 3. These algebraic equations are: 

The symbols used are defined in detail in the Nomen- 
clature. It should be noted that the subscript j may be 
either 1, 2, or 3. Each of the quantities m1, m2", 1.5", 
M,x*, M,2*, and m,;* can be expressed in terms of a 
single concentration C*, which is related to the mol 
fraction of Component No. 3 in the liquid phase (see 
Nomenclature). 


The three equations (Eq. 3) contain, explicitly, three 
unknowns: (=) , §,° and u*. In addition, they con- 


tain implicitly the unknown C*. Hence, one more equa- 
tion is needed. This equation must be developed by 
assuming either that the concentrations do change or 
that they do not change just downstream from the 
front. The first of these two possibilities is ruled out 
in the discussion contained in the next three para- 
graphs. 

If the first region containing some liquid (Region II 
in Fig. 2) is a region in which the concentration 
changes, the velocity of the saturation near the front 
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will be given by the following equation (which will 
be derived later in this appendix in the section “Con- 
tinuity Equations—Region IIT’). 


ax 
Combination of Eq. 2 with Eq. 3 for j = 3 (note 
that m,;, = 0, since no heavy ends are injected) gives 
the result 


Senate So € 
In Eq. 4, y; and « are different functions of concen- 
tration and are, in general, not equal. Thus, the only 
saturation values that satisfy Eq. 4 are S, = O (and, 
hence, k,, = O and f = O) and S, = f. These two 
cases can easily be ruled out because, in either case, 
Eq. 2 would require that this first liquid saturation 
travel with the same velocity as that of the gas stream 
itself, in the manner of a miscible type of displace- 
ment. This type is impossible for the range of concen- 
trations considered for the injected gas. Thus, there 
will be a region (II) with a uniform (and somewhat 

enriched) composition. 


DISCONTINUITY EQUATIONS APPLYING AT THE 
BOUNDARY BETWEEN REGIONS I AND II, 
AND RELATIONS NEEDED WITHIN REGION II 


If the concentrations do not change, at least for 
some finite distance into Region II, the saturations 
there should move with velocities given by Buckley 
and Leverett.* 


This relation will serve as the fourth relation needed, 
in connection with Eq. 3, to evaluate conditions at the 
evaporation front, or the boundary between Regions I 
and II. 


The constant concentration C* in Region II may 
now be obtained by first writing the three equations 
(Eq. 3) in determinant form, viewing the unknowns as 


dX 
(3) , u* and The following expression for (=) 


‘dt dt 
can now be obtained. 


dX\ (0) 
‘at}, D{[S,*(m,;* — m,;*) + m,;*— 


Since the velocity of the evaporation front is not 

zero, this relation requires that the denominator be 

zero. Setting this determinant equal to zero and noting 
that 


M,, 
RT 
1B 
2 2——M, 
™M, 
and 
we obtain 
M, a, 
Ya" (6) 


+ Ma, 
a, and a, are functions of C*. Since y, (the mol frac- 
tion of Component 2 in the injected gas) is given as 
starting data, Eq. 6 is solved by trial and error for C*. 
Eq. 6 is equivalent to the requirement that the tie line 
passing through oil of composition C*, if extended, 
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passes also through the gas composition y, (Point D>; 
Fig. 1). However, we will use Eq. 6 to get more 
accuracy than can conveniently be obtained using a 
ternary diagram. 

To find the liquid saturation just downstream from 
the evaporation front, we use Eq. 3, written for Com- 
ponent 3 (heavy ends). 


Combining Eq. 7 with Eq. 1 gives 
¥3 
fs (8) 


Eq. 8 can be solved for the liquid saturation by trial 
and error if the gas drive is horizontal. If it is inclined, 
fs and f contain u*. In this event, another equation must 
be used in conjunction with Eq. 8 to obtain S* and u” 
by trial and error. The other equation needed is ob- 
tained from Eq. 3, written for Component 1. Combin- 


ing this Eq. 3 with Eq. 1 to eliminate <- gives 


= — (S's f's — — 

To review, the four equations needed to this point 
are Eqs. 6, 8, 9 and 1, in that order. 

Since the compositions of the liquid and gas do not 
change in Region II, the value obtained for u* will re- 
main constant until Region III is encountered. The 
velocity (or position at a given time) of any saturation 
in Region II is then given by Eq. 1. 


CONTINUITY EQUATIONS—REGION III 


Partial differential equations are required to arrive at 
the behavior in the region of the porous body in which 
condensation is occurring (Region III in Fig. 2). These 
describe material balances over a thin slice of the porous 
body. They may be written 


0 


where the subscript j may be 1 (light ends), 2 (inter- 
mediates) or 3 (heavy ends). Expanding and re-arrang- 
ing Eq. 10 gives 


t ot ma 
0 ‘ + 


Using these three equations, one can determine for 
specified values of concentration C the velocity of its 


dt 


saturation S,. Solutions for the two underlined quantities, 
in terms of the other quantities present, can now be 
written. These solutions are developed with the aid of 
third-order determinants and take the form 


oc 


dX 
motion (3) , the stream velocity u and the liquid 


and 
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The third equation obtainable from Eqs. 10 or 11 
serves to solve for liquid saturations at various concen- 
trations in Region III. Here one bears in mind that 
solutions of a particular wet-gas problem at various 
times of injection are all similar, except for stretching. 
(See Appendix B.) This means that a particular con- 
centration will accompany a particular saturation. Ac- 
cordingly in Eq. 10, both S,m,,; + (1 — S,) m,; and u 
[fm.; + (1 — f) m,,] are functions of C only. Thus, 
a concentration C and a saturation S, will move to- 
gether with a velocity that can be obtained from Eq. 2, 
and also from the development of Eq. 10 as written for 
Component 1. (This velocity is obtained from Eq. 10 
by the Lagrange method.) Since the same velocity is 
obtained by these two methods, we find 


0X OX\ + (UL) crac 
2 


C13) 
— Bo 

Eqs. 13, 12 and 2 can be used to obtain the changes 
in S,, u and X accompanying prescribed steps in C 
throughout Region III (Fig. 2). The integration with 
respect to change in C continues until C and the con- 
centration of intermediates in the liquid are reduced to 
correspond to that represented by Point B in Fig. 1. 

In addition, Eq. 2 must be used to define the initial 
saturation of Region III, which is the saturation at the 
boundary between Regions II and III. This saturation 
is common to both of these regions; hence, its velocity 
near the boundary between Regions II and III is the 
same in both regions. Thus, for this particular boundary 
saturation, we set Eq. 1 equal to Eq. 2. The resulting 
expression can then be solved for the saturation by trial 
and error. 


CALCULATIONS IN REGION IV 

Region IV, like Region II, is a section of the porous 
body in which the concentrations do not change. In 
Region II the liquid is enriched and has a composition 
corresponding to that of Point F in Fig. 1; in Region 
IV the liquid is leaner in intermediates and has a com- 
position corresponding to that of Point B in Fig. 1. 

A gas “bank” forms the boundary between Regions 
IV and V (Fig. 2). The pertinent material-balance rela- 
tions at the gas bank are as follows. 


dx 


From this point on, there will be somewhat different 
methods of solution, depending on the kind of oil 
originally present in the porous body. 


Undersaturated Oil 

An undersaturated oil was displaced in the work 
the results of which are shown in Fig. 5. This oil was a 
completely “dead” oil consisting of Soltrol “C” only. 

The velocity of the gas bank and the change in 
stream velocity (uw) caused by gas dissolving at the 
bank can be determined from Eqs. 14. Two Eqs. 14 
are written, one for Component 1 and one for Com- 
ponent 3. For original gas-free oil, (™.,,), = 0. Also, 
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Component 3 is not appreciably volatile in the absence 
of an intermediate hydrocarbon 2, which has been 
stripped from the gas in Region III, so that (m,3) 7 = 0. 
For these conditions, second-order determinants can be 
used to reduce Eqs. 14 to 


ty + bw 
(133) 

where = 

where = — (7700) 1v 

(M3) 


For this case, the saturation needed in Eq. 15 turns 
out to be the saturation present at the end of Region 
I, and this saturation is constant throughout Region 
IV. This point is developed more fully in the following 
discussion of saturated oil. 


Saturated Oil 


The crude-oil experiments and calculations were 
based on the displacement of a reconstituted crude, 
saturated with gas under a pressure fairly typical of en- 
riched-gas drives (2,000 psi). Two cases arose here, one 
for a slightly enriched injected gas (Case a), the other 
for a richer gas (Case b). To distinguish between Case 
a and Case b, one computes by trial and error the ap- 
parent saturation at the point of farthest gas penetra- 
tion, using the equation’ 

df 
Se 

If the saturation at the boundary between Regions 
III and IV is lower than that given by Eq. 17 (Case a), 
Eq. 17 is used to determine the saturation at the gas 
bank. The velocity of the bank will be given by 


In this event (Case a), there will be a constant liquid 
saturation through the upstream end of Region IV and 
an increasing liquid saturation near the downstream end 
of Region IV. This is the case illustrated in Fig. 2. 


When rich-enough gas is injected, or when very lean 
oil is displaced, or both (Case b), the excess conden- 
sation of intermediates will build up the liquid saturation 
at the boundary between Regions III and IV until it is 
higher than the saturation given by Eq. 17. In this case, 
the latter saturation must not be used because the former 
saturation will be present throughout all of Region IV. 
The velocity of the gas bank in this case (Case b) can 
be obtained by noting that (m.;), = (m.;) and, thus, 
that uy = uy since there is no condensation or evapora- 
tion between Regions IV and V. Eq. 14 written for any 
component now reduces to 


which gives the velocity of the gas bank. 


GAS THROUGHPUT 
The velocity of a saturation in Region II (or in 
Region IV) is given by the relation derived by Buckley 
and Leverett.* 
dX df 
(=), (1) 
If we define G; = ut/L, Eq. 1 becomes, for X = L, 
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N 
f 
) 


u 
= 
(u (u fs) 
This gives the hydrocarbon volumes of gas injection 
required to cause a particular saturation to reach the 

outflow face. 


G, (20) 


In like manner, when a particular saturation (or its 
associated concentration) in Region III reaches the out- 
flow face, we have 


ae 


FRACTIONAL OIL RECOVERY AND 
OVER-ALL MATERIAL BALANCE 

The mass of residual stock-tank oil (Component 3), 
which is the oil that has not been produced, can now 
be calculated by integration from the information in a 
sketch such as Fig. 2. 


For example, where exploitation has progressed far 
enough so that only Regions I and II remain inside the 
porous body, the integration gives the result, 


Resi — Au’ t MOS 


When the porous body contains Region III as well as 
Regions I and II, the additional residual oil contained 
in Region III is obtained by digital integration. 


To obtain the residual oil at first breakthrough of free 
gas, one must add the residual oil left in Regions I, III 
and IV. 


For Case a, illustrated in Fig. 2, the saturation will 
be constant through part of Region IV, called Region 
IV A, but will rise in Region IV B. For this case, the 
residual oil in Region IV will be 


At than (Giles = Tide) 
+ At Uy (M:)w — (24) 


The integrated residual oil can also be used to arrive 


at an over-ali balance for any component, if one re- 
members that the amount of that component left in the 
porous body equals that originally present, plus that 
injected and minus the amount produced. This type of 
material balance will detect most of the possible errors 
in derivation, programing or calculation. 


APPENDIX B 
DERIVATION OF STRETCHING PRINCIPLE 


A saturation profile during wet-gas injection under- 
goes simple “stretching” with time. The stretching prin- 
ciple can be justified either with the aid of diagrams 
(Fig. 7 and 8) or by mathematical development. 


Fig. 7 shows two porous bodies, different only in that 
one of them is twice the length of the other. If each 
receives the same amount of wet-gas injection, their 
saturation profiles will be identical (as shown in Fig. 7). 
Suppose now that the length scale in Fig. 7(a) be 
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modified to that in Fig. 8(a). In Fig. 8(a and b), the 
saturations are plotted on a scale such that the length 
in each case is unit length. On this basis, all the satura- 
tions will have moved twice as far in Case 8(a) as in 
Case 8(b). Also, since porous body (a) has half the 
pore volume of (b), it will have received twice as many 
hydrocarbon volumes of gas injection. It will now be 
noted from Fig. 8 that injection of twice as much gas 
causes a saturation to advance twice as far along the 
porous body. In other words, the distribution “stretches” 
in proportion to the time of injection, as mentioned 
before. 


The mathematical justification depends on two facts. 
(1) The partial differential equations used are first 
order, and they contain the independent variables X and 
t in the derivatives only. (2) The boundary conditions 
are uniform; that is, the gas injected at X = O has the 
same composition at all times, and the oil in place 
originally (at t = 0) has the same composition at all 
positions. 

The three equations (Eq. 10) may be written in the 
form, 


ot ox 


Suppose, as a test, we set S, = S, (C) and u = u (C); 
that is, both are functions of concentration only. These 
latter relations imply that there will be a particular 
saturation and a particular velocity which will move or 
stretch along with a particular concentration. 


Expansion of Eq. (10a) now gives 


| 
So (a) 


(b) 


Xx 
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(a) 


Itc. 8—RepLotrep SATURATION DistTRIBUTION FOR 
Porous Boptss. 


JOURNAL OF PETROLEUM TECHNOLOGY 


Further, for simplicity set = = p and —~— = qin 


Eq. 10b. Then for three such first-order equations 


(Eq. 10b) to be mathematically consistent with each 
other requires” 


(Q., Q;) 0 (Q., Q;) 0 
and 
= 


Inasmuch as X and t¢ do not explicitly occur in Eqs. 10a 
or 10b, all the Jacobians in Eq. 26 vanish and the con- 
sistency conditions are satisfied. 


APPENDIX C 


SAMPLE CALCULATION 


The sample calculation presented here is for hori- 
zontal displacement of a live crude oil from a slim, 
bead-packed tube. The results of this calculation are 
shown as the lower recovery curve in Fig. 6. A hori- 
zontal displacement was chosen for simplicity; if the 
displacement were inclined, the calculations would be 
somewhat more complex (as explained in the text of 
the paper) . 

STARTING DATA 
m, = 0.019 + 0.0768C 


Mo. = — 0.0468 + 0.517C 
m,, = 0.874 — 1.09C 


po = 0.8462 — 0.4962C 


ll 


(Sum of above three lines). 


my: = 0.0758 + 0.0094C 
My: = — 0.0597 + 0.385C 
mM, = — 0.00744 + 0.03C 


Py = 0.00866 + 0.4244C (Sum of above three lines). 


Minimum value of C corresponding to the concen- 
tration of original oil in place = 0.248. (To obtain this 
number, refer to Fig. 4. The mol fraction of Component 
3 (C,,) in the oil having the composition represented 
by Point G of Fig. 4 is 0.6586. Similarly, the mol frac- 
tion represented by Point B is 0.4106. Thus, the value 
of the concentration parameter C for the latter oil is 
0.6586 — 0.4106 = 0.248.) 

0.453" (see Table 1). (v= 1 
0.430 — 0.117). 

M, = 21.99 (weighted average molecular weight of 
C, and CO, in injected gas, Table 1). That is, M, = 
(16 X 0.430 + 44 X 0.117)/(0.430 + 0.117). 

M, = 42.49. This value is the weighted average 
molecular weight of the C.-C, and H.S fraction in the 
injected gas (Table 1). If the injected gas contained any 
C,, the amount of C, would be included in computing 
the average molecular weight. 

P/RT = 0.00439 gm mol/cc = 2,000 psia/(14.7 x 
AK). 

Supercompressibility factor (z) for injected gas = 
0.67. 

u- = 0.0286 cm/sec (average velocity of injected gas 
in hydrocarbon-occupied pore space), or 3.38 ft/hr. 


ee 0.7369 5, — 0.03849 (see Fig. 3). 
0.01447 
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luo = 1.4545 — 2.025 C, ep. 


SAMPLE CALCULATIONS 
FOR EVAPORATION FRONT 


By trial and error in Eq. 6, C* = 0.496. This value 
of C* corresponds to the mol fraction of Component 3 
in the enriched liquid, whose composition is represented 
by Point F (Fig. 4). The tie line passing through Point 
F passes through the composition of the injected gas. 
For this value of Ct, y, = 0.02283 and w./u, = 8.15. 


Now trial and error using Eq. 8 gives S,* = 0.2652. 
This liquid saturation will be the first encountered by 
the entering gas (compare with left side of Fig. 2). 
For this saturation, k,,/k,, is computed to be 20.36; 
Kral 342.1; f ="0.00599 sand 
0.1000. 

Calculation of u*, using Eq. 9, requires knowledge 
of m’,,, the mass of Component 1 per cubic centimenter 
of injected gas. According to Eq. 5a, M~,, = 0.07885 
gm/cc. Now, use of Eq. 9 gives u* = 0.02792 cm/sec. 


From Eq. 1, the velocity of the evaporation front is 


dx 
(=) = 0.00279 cm/sec, 


or about 1/10 the average stream velocity u’. 

Since the injected gas contains no heavy ends, their 
recovery will be complete when the evaporation front 
reaches the end of the bead-packed tube. The hydro- 
carbon volumes of injected gas needed to reach this 
recovery will be 


For the case of the evaporation front, the hydrocarbon 
volumes will be 10.24. 


CONDITIONS AT THE 
REGION II-REGION III BOUNDARY 


The liquid saturation at this boundary is obtained 
by using the equation resulting from equating Eqs. 2 
and 1. 

& 

The value of « needed here (1.e., for C = 0.496) is 
calculated to be 0.8516, and the value of S, obtained 
by trial and error is 0.4400. The corresponding values 
for f and f, (u,/u, is still 8.15) are 0.0631 and 0.708, 
respectively. 


CALCULATIONS FOR REGION II 

Saturations lying between 0.4400 and 0.2652 lie in- 
side Region II. Therefore, one can choose a number 
of saturations in this range, compute velocities of their 
motion by Eq. 1, and use Eq. 27 to calculate the 
amounts of gas injection needed to make them travel 
to the outflow face of the porous body. Using a method 
previously published,’ one can also compute by inte- 
grating the fraction of the stock-tank oil that will be 
left in Region II for any of these amounts of gas in- 
jection. 

To do this last, one uses Eq. 22 and bears in mind 
that, according to Eq. 1, the time needed for a satura- 
tion in Region II to reach the outflow face at X = L 
will be 


L 
Substituting Eq. la into Eq. 22 and noting that the 
stock-tank oil originally in place is AL (m,s) ;v, the frac- 


tion of residual stock-tank oil will be 
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The fraction of stock-tank oil recovered will, of course, 
be the complement of this last expression. The results 
of a few typical calculations inside Region II are shown 
in Table 2. 


CALCULATIONS FOR THE 
INTERIOR OF REGION III 


We express Eqs. 12 and 13 in digital form, covering 
a finite but small step in C, AC. 


tuo, 
or 
INE 

AC 


Here, subscripts 1 and 2 do not refer to components 
but, rather, to conditions at C and at C + AC, respec- 
tively. The component to be used is Component 1. 

Substituting the value for uw, given in Eq. 12a into 
Eq. 13a gives 


2 is B, — B, 
Assigning, arbitrarily, AC = — 0.0464, or C, = C, — 


0.0464 = 0.496 — 0.0464 = 0.4496, (S,). is calcu- 
lated by trial and error from Eq. 28. Two functions of 
C, e« and y, are needed at C, and at C,. Their values at 
these two concentrations are shown in Table 3. The 
result of the trial-and-error calculation for (S,). is 
0.5900. u, can now be calculated from Eq. 12a. 


u, = 0.02792 X 1.00343 = 0.02801 cm/sec. 
Also, the velocity with which (S,), or C, moves is 


dt 

The hydrocarbon volume of gas injection required to 
cause a given C in Region III to reach the outflow face 
is given by u/(u €). The residual oil, and hence the 
recovery, is computed by integrating under a plot of 
saturation against X. Account should also be taken of a 
small amount of Component 3 in the vapor. 

C is now reduced in further steps, and the calcula- 
tions are repeated until the value of C reaches 0.248. 
This is the value at the boundary between Region III 


dx 
( ) = u, €, = 0.02132 cm/sec. 
C2 
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TABLE 2—RESULTS OF SOME TYPICAL CALCULATIONS 
INSIDE REGION II 


dx Injected Gas Recovery 
( dt ) (HY) (fraction) 
-2652 0.00279 10.24 1.000 
.3052 0.00465 6.152 9.9333 
-3652 0.00925 3.092 0.8696 
-4052 0.01407 2.033 0.8386 
-4400 0.01977 1.447* 0.8156* 
*Plotted in the bottom curve of Fig. 6. 
TABLE 3—VALUES OF ¢ AND 7 ATC 
2 
0.4960 0.8516 2730) 
0.4496 1.0043 —0.2819 
TABLE 4—RESULTS OF SOME TYPICAL CALCULATIONS 
INSIDE REGION Ill 
dx Iniected Recovery 
( dt ) so Gas (HV) (fraction) 
0.4960 8.15 0.4400 0.01977 1.447 0.8156 
0.4496 59: 0.5900 0.02132 1.342 0.8057 
0.4072 15.28 0.6500 0.02236 1.279 0.7950 
0.3480 21.25 0.7109 0.02347 1.219 0.7800 
0.3147 25.04 0.7367 0.02397 1.193 0.7718 
0.2480 33.57 0.7804 0.02478 1.154 0.7560 


and Region IV. The results are summarized in Table 4. 
The results from the last two columns of Table 4 will 
also be found plotted as the lower curve of Fig. 6. 


[t./ fg increases as the concentration of intermediates 
decreases. At the same time, the velocity with which a 
saturation advances rises as the liquid saturation in- 
creases. The values of cumulative gas injection de- 
crease because the higher saturations in Region III arrive 
sooner at the outflow face. 


THE DOWNSTREAM GAS BANK 

The gas-bank saturation that would have been ob- 
tained in a displacement with equilibrium gas was S, = 
0.7208. Hence, this sample problem turned out to be 
of the type called Case 6 (discovered in the section of 
Appendix A entitled “Saturated Oil’). The actual veloc- 
ity of the bank was computed by Eq. 19 for S, = 0.7804 
and pw./m, = 33.57 (see last row of Table 4). Thus, 


dX 
i = (0.0683 cm/sec, and the cumulative gas in- 
b 


ax 
jection will be «(Z) = 0.419. 
b 


A plot of liquid saturation vs position for this sample 
problem looks fairly similar to Fig. 2. Distances moved 
by the various saturations will, of course, be propor- 
tional to the values of dX/dt given in Tables 2 and 4. 

The results just given were computed by a medium- 
speed computing machine and checked with a desk cal- 
culator. They satisfied the requirements of an over-all 
material balance for each component. Kk 
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ABSTRACT 


A pulsed high-energy neturon-induced spectral logging 
tool has been built and field-tested. The reaction of 
deuterium on tritium is used to generate pulses of 14- 
Mev neutrons. By detecting only the prompt gamma 
rays produced by neutron inelastic reactions in the for- 
mation, the presence and relative abundance of carbon, 
oxygen, calcium, silicon and other important elements 
may be ascertained from a gamma-ray spectrum. 
Gamma-ray spectra obtained in a shallow test well and 
in experimental field use show that it is possible to 
identify formations and their contained fluids. 


INTRODUCTION 


The penetrating gamma rays from naturally occurring 
radioactive elements in subsurface formations have been 
used for a number of years in well logging as a means 
of characterizing and distinguishing strata.* Still another 
nuclear logging method which has been employed for 
some years consists of the bombardment of strata with 
neutrons and the measurement of the number of gamma 
rays produced by neutron capture reactions involving 
elements in subsurface strata.” Since one of the principal 
elements entering into capture reactions is hydrogen, the 
latter procedure essentially results in a hydrogen log, 
whether the hydrogen be in combined form in either 
oil or water; thus, the log gives an indirect measure of 
porosity. These methods, with various refinements, have 
been developed to such an extent that they have become 
routine procedures in formation evaluation. 


Neither gamma-ray logging nor conventional neutron 
logging, however, yields sufficient information to permit 
unequivocal identification of the mineralogic composi- 
tion of formations, and neither method gives informa- 
tion which may be used for the positive identification 
of hydrocarbons in strata. Accordingly, a number of 
efforts have been made in recent years to gain addi- 
tional information from nuclear logs. Brannon and 
Osoba’® have shown that it is possible to identify naturally 
occurring radioactive elements in subsurface formations 
by spectral analysis of gamma rays emanating from 
these elements. Such an identification is of value in the 
characterization of strata. A simplified form of spectral 
analysis of gamma radiation resulting from neutron 
capture reactions between elements in earth materials 
and bombarding neutrons has been used with some suc- 
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cess under favorable conditions to differentiate between 
petroleum and water.* This method relies upon the rela- 
tively high energy of gamma radiation from neutron 
capture by chlorine and, in effect, furnishes a chlorine 
log. In areas in which interstitial water is of sufficiently 
high salinity, this log can give valuable information on 
water saturation and, thus, indirectly on hydrocarbon 
saturation. Still another approach to obtaining more in- 
formation by nuclear techniques is “activation logging”, 
in which certain elements yield short-lived radioactive 
isotopes on neutron activation and, thus, can be de- 
tected by gamma-ray spectral analysis.” 

From the standpoint of determining by nuclear log- 
ging methods the mineralogic composition of strata and 
the presence or absence of hydrocarbons, it is essential 
that information be obtained on the presence and rela- 
tive amounts of several elements such as carbon, oxygen, 
hydrogen, calcium, silica and others. Some elements, 
such as hydrogen, chlorine and sulfur, can be deter- 
mined by spectral analysis of gamma radiation result- 
ing from neutron capture reactions.’ Others — carbon 
and oxygen, for example — do not enter readily into 
capture reactions but do yield gamma rays of character- 
istic energies from inelastic scattering reactions with 
high-energy neutrons.” Accordingly, the latter reactions 
are of particular interest as a means of identifying 
hydrocarbons in subsurface strata. 


Several years ago it was recognized that information 
requisite to the identification of subsurface strata and of 
contained fluids could be obtained by pulsed operation 
of a subsurface neutron generator and associated gam- 
ma-ray detector. It was contemplated that pulsed opera- 
tion would be effective in discriminating in time that 
gamma radiation which results predominantly from 
inelastic scattering reactions from that gamma radiation 
arising from neutron capture reactions. Accordingly, 
research was continued and construction of such a de- 
vice was initiated. Although many problems were en- 
countered, they were solved successfully. The following 
sections describe the tool which has evolved, its per- 
formance and the results which have been obtained 
with it to date. 


THEORY OF OPERATION OF NEUTRON- 
INDUCED GAMMA-RAY SPECTRAL 
LOGGING TOOL 


THEORY OF INDUCED NUCLEAR REACTIONS 

Of fundamental importance is the fact that an ele- 
ment, when bombarded with neutrons, emits gamma 
radiation of energy characteristic of that element. In 
theory, therefore, an element may be identified by 
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analysis of the energy spectrum of the neutron-induced 
gamma radiation. 


Of the various interactions which can occur between 
neutrons and nuclei of elements, two are of particular 
interest — neutron capture reactions and inelastic scat- 
tering reactions. 

In neutron capture reactions a low-energy neutron 
is captured by a nucleus, and the nucleus then emits 
a gamma ray of characteristic energy in order that it 
may become energetically stable. In the case of some 
nuclei, multiple gamma rays are emitted. Even in this 
case, however, the energies of the gamma rays are 
characteristic of the isotope. An essential feature of the 
neutron capture reaction is that a neutron may be cap- 
tured only when it has very low energy. 


In an inelastic scattering reaction a high-energy neu- 
tron penetrates the nucleus of an element and, after a 
very short period of time (approximately 10~ second), 
is emitted by the nucleus at a lower energy. The nucleus, 
which is left with the energy that was lost by the neu- 
tron, then promptly (10° second) emits a gamma ray 
to become energetically stable. The energy of the emitted 
gamma ray is characteristic of the element. Unlike the 
neutron capture reaction, the inelastic scattering reaction 
requires neutrons of high energy. 


Different elements have different propensities for 
entering into neutron interactions, whether these inter- 
actions be neutron capture or inelastic scattering. A 
measure of this propensity is the cross section expressed 
in barns, which are units of 10” sq cm. The larger 
the cross section, the greater is the probability of inter- 
action. 

Table 1 lists cross sections of various elements of 
interest for both neutron capture and inelastic scattering 
reactions. It is apparent from Table 1 that some ele- 
ments, such as carbon and oxygen, have extremely low 
cross sections for capture reactions and that the prob- 
ability of detecting these elements by means of gamma 
radiation from neutron capture reactions is extremely 
low. On the other hand, the probability that these ele- 
ments can be detected and measured quantitatively by 
utilization of gamma radiation from inelastic scattering 
reactions is high. 


DISCRIMINATION BETWEEN GAMMA RADIATION 
FROM NEUTRON CAPTURE AND FROM 
INELASTIC SCATTERING REACTIONS 


When a steady flux of high-energy neutrons is allowed 
to impinge upon earth materials, both capture reactions 
and inelastic scattering reactions result. Some of the 
high-energy neutrons react immediately (within approxi- 
mately 10° second) to produce inelastic scattering reac- 
tions; others suffer loss of energy by collision and 
eventually are reduced in velocity until their energies 


TABLE 1—CROSS SECTIONS FOR CAPTURE AND INELASTIC 
NEUTRON REACTIONS 


Inelastic Neutron Capture Neutron 


Cross Section (barn)* Element Cross Section (barn) 
0.07 Calcium 0.43 
Carbon 0.0042 
? Chlorine 31.6 
0 Hydrogen 0.330 
0.859 Iron 2.53 
0.485 Magnesium 0.06 
0.104 Oxygen 0.0002 
0.13 Silicon 0.13 
? Sodium 0.505 
0.173 Sulfur 0.49 


*The inelastic cross sections listed are for a threshold, minimum neutron 
energy. This results in a relatively large cross section for iron and magnesium, 
which have a low threshold energy, and an approximately correct cross section 


for carbon and oxygen. 


are sufficiently low to enable them to be captured. The 
process by which fast neutrons lose sufficient energy to 
enable them to be captured generally requires 10° to 
10° second, and it is this fact which may be exploited 
in discriminating gamma radiation from inelastic scatter- 
ing reactions from that gamma radiation which is pro- 
duced by capture reactions. 


The method of discrimination is dependent upon 
pulsing of the neutron flux and of the gamma-ray detec- 
tor, and the principle involved is illustrated schematically 
in Fig. 1. This figure is a plot of neutron flux, both at 
the neutron generator and at a point within a formation 
opposite the generator, as a function of time. High- 
energy neutrons emanate from the pulsed neutron source 
in bursts of about 5 microseconds’ duration. Some of 
these reach the formation opposite the generator with- 
out loss of energy and enter into inelastic scattering 
reactions. Others, as shown in the figure, lose energy 
by collision so that the flux of low-energy neutrons 
within the formation begins to build up during the dura- 
tion of the pulse, reaches a maximum and then decays. 
The time interval between pulses can be chosen to allow 
almost complete decay of low-energy neutrons from 
preceding pulses. In brief, then, the gamma rays pro- 
duced during the duration of the pulses are predomi- 
nantly from inelastic scattering reactions, while those 
produced during the interpulse intervals are entirely 
from capture reactions. 

By gating the gamma-ray detector so that it operates 
only during the operating interval of the neutron gene- 
rator, it is possible to discriminate against gamma rays 
from capture reactions; by operating the detector during 
interpulse intervals, it is possible to discriminate com- 
pletely against gamma radiation from inelastic scattering 
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reactions. This is the principle upon which the logging 
tool has been built; although the tool has been operated 
to date with the objective of measuring gamma radia- 
tion from inelastic scattering reactions, it is apparent 
that by minor adjustment it can operate equally well to 
detect only gamma radiation from neutron capture re- 
actions. 


GENERAL DESCRIPTION OF THE 
LOGGING TOOL 


The logging tool that has been built is shown dia- 
gramatically in Fig. 2. It has a pulsed 14-Mev neutron 
generator, a pulsed or gated scintillation gamma-ray 
detector and an intervening shield. Electrical pulses 
from the gamma-ray detector, proportional in voltage 
to the energy of the gamma rays impinging on the de- 
tector, are transmitted to the surface where they are 
recorded and where the energy spectrum is analyzed. 


PHYSICAL DESCRIPTION 

The logging sonde is composed of two sections of 
44% -in. OD, 4-in. ID high-yield steel. The section which 
houses the gamma-ray detector is 6-ft long; the section 
containing the neutron generator is 7-ft long. These two 
sections, together with the nose plug and the cable head, 
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make the tool when assembled about 15-ft long. The 
total weight of the tool is approximately 300 lb. 


The shield separating the two sections of the logging 
tool is constructed of solid copper and is 7-in. long. A 
small hole traverses the shield diagonally and serves as 
a conduit through which interconnecting cables are fed. 


The sonde is run on 7/16-in. armored, single-conduc- 
tor cable of the type ordinarily used in a number of 
logging operations. 


ELECTRICAL DESCRIPTION 

The logging tool is powered by 400-cycle alternating 
current. The voltage at the tool is 260 v. Because the 
gamma-ray analysis is done at the surface, the cable 
must transmit signal pulses of about 4 microseconds’ 
duration to the surface, as well as 400-cycle power to 
the logging tool. 

A block diagram of the circuits of the logging tool 
is shown in Fig. 3. The light lines indicate the path of 
the 400-cycle power, the medium lines the path of the 
gate pulses and the heavy lines the path of the signals 
from the tool. 


It is necessary to delay the gating of the photomulti- 
plier to coincide with the peak production of neutrons, 
since the 100,000-v supply has an inherent 3-micro- 
second delay. 

The filter between the linear amplifier and the cable 
is a high pass filter, so that the signals are passed but 
the power is not. Stated another way, the filter is so 
designed that the signals see the low impedance of the 
cable and are transmitted on it, while the impedance 
to the 400-cycle power is very high; hence, only a very 
small 400-cycle current flows between the amplifier out- 
put and the power cable. 

The logging tool may be pulsed at repetition rates up 
to 5,000 or more pulses/sec with a neutron production 
of about 10* neutrons/pulse. To date, the tool has 
usually been operated at a pulse repetition rate of 1,000 
pulses/sec. At this repetition rate the total electrical 
load of the logging tool is about 200 w. 


NEUTRON GENERATION 

The generation of neutrons usually follows as a re- 
sult of certain nuclear reactions;” generally, a particle 
is bombarded into the nucleus of an atom and the result 
is a new type of atom, accompanied by neutron emis- 
sion. There are many reactions which result in neutron 
generation, but most of these are impractical for use; 
for a reaction to be practical as a borehole neutron 
generator, the following requirements must be fulfilled. 
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1. This reaction should proceed at reasonably low 
bombarding energies. There is not room in a logging 
sonde to generate and handle voltages much larger 
than 100-kv. 

2. The reaction should produce neutrons having ener- 
gies of 7 Mev or more. 

3. The reaction should have a large cross section so 
that there is prolific neutron production. 


4. The reaction should preferably produce mono- 
energetic neutrons. 

5. The reaction should use materials which are both 
readily available and relatively inexpensive. 


A reaction which best fulfills all of these require- 
ments is the bombardment of tritium with deuterium. 
This results in production of a helium atom and in the 
emission of a 14-Mev neutron. This reaction will begin 
at deuterium energies as low as 50 kev, but since the 
cross section for the reaction is a maximum at 110 kev, 
the optimum production is attained at the latter energy. 

The neutron generator is simply a device which sup- 
plies a controllable number of deuterium ions to a 
region of high electric field. The high electric field 
accelerates the ions to 100-kv energy onto a target con- 
taining tritium from which neutrons are generated. The 
neutrons are generated in pulses of about 4 micro- 
seconds’ duration. The high voltage that operates the 
neutron generator is produced by a specially designed 
transformer. The transformer generates pulses of 100-kv 
magnitude and of about 4 microseconds’ duration. The 
100-kv transformer and its associated circuitry comprise 
the main portion of the lower half of the logging tool. 


SURFACE EQUIPMENT 


Surface equipment used in conjunction with the 
logging tool consists of filters for the 400-cycle power, 
means of extracting the signals received from the tool, 
an amplifier for the signals and a means of recording 
and displaying the gamma-ray spectra. Particular care 
has been taken in the design and construction of the 
surface equipment in order to achieve a high signal-to- 
noise ratio. 

In the recording and display of gamma-ray spectra, it 
has been the practice to date to hold the tool stationary 
at each depth of interest while sufficient signals are ac- 
cumulated to constitute a spectrum. The display of the 
gamma-ray spectrum may employ relative numbers of 
gamma rays (as in the case of photographic tech- 
niques’) or absolute numbers (as accomplished by a 
multichannel analyzer). Both photographic techniques 
and multichannel-analyzer methods have been used. At 
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present, an analyzer is employed that counts the number 
of gamma rays in 200 consecutive small-energy inter- 
vals. The multichannel analyzer prints the number of 
gamma rays in each energy interval and can plot a com- 
plete spectrum. 


PERFORMANCE AND RESULTS 


GAMMA-RAY RESOLUTION 

The ability of gamma-ray spectra to portray accurately 
the elemental composition of strata is partially deter- 
mined by the ability of the equipment to display ac- 
curately the gamma-ray spectrum. A measure of this 
ability is the resolution. The resolution of gamma rays 
is defined as the ratio of the width of a gamma-ray 
peak at half the peak height to the energy of the gamma 
ray. The resolution of gamma rays is about 7 per cent 
in the laboratory under ideal conditions. The question 
arises as to what effects pulsing of the photomultiplier, 
use of a long logging cable and filtering of signals have 
on the resolution of gamma rays. Fig. 4 shows the total 
of these effects by comparison, under nearly the same 
conditions, of the resolution of the two Co” gamma rays 
in the laboratory and through the logging system. It is 
seen that the resolution through the logging system is 
approximately 8 per cent and, consequently, that the 
loss of resolution in the logging system is at most only 
about 1 per cent. 

The gamma rays produced in the formation from 
neutron inelastic scattering must traverse some distance 
in the formation before being detected. Previous work* 
has shown that it is possible, despite some loss of resolu- 
tion due to degradation of radiation in the formation, to 
determine quantitatively the relative abundance of ele- 
ments by use of gamma-ray spectra. 


Still another factor affects the resolution of gamma- 
ray spectra—the background effect of one gamma ray 
on the other. Fig. 5 shows spectra obtained in a test 
well in which large-diameter casing was filled with 100 
per cent oil and 100 per cent water, respectively. The 
characteristic oxygen gamma rays obtained from the 
water have higher energy than those of carbon. There 
is no interaction when either of these gamma rays is 
present singly, but Fig. 6 shows that there is an effect 
of the oxygen background on the resolution of carbon. 
Fig. 6 is a spectrum of an oil-saturated sand obtained 
in a well in the Gulf Coast area. The carbon is discern- 
ible, but not nearly so clearly as in Fig. 5. Thus, the 
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presence of the characteristic gamma rays of formation 
elements is discernible when all the gamma rays from 
formation elements are present, but not so clearly as in 
ideal laboratory spectra. 


IDENTIFICATION OF FORMATION FLUIDS 

Spectra from a known oil sand and from a known 
salt-water sand, both obtained in a cased well in the 
Gulf Coast area, are shown in Fig. 7. At first glance, 
there is not a great deal of difference discernible be- 
tween these, but there is enough information in the 
spectra to distinguish between oil and water in the sand. 
Data of Fig. 8, taken from Fig. 7, show the amplitudes 
of the four gamma-ray peaks at 5, 4.5, 4 and 3.5 Mev. 
A comparison of the curves of Fig. 8 for oil and for 
water sands shows that the relative heights of the carbon 
gamma rays of 4.5, 4 and 3.5 Mev, compared to the 
oxygen gamma ray of S Mev, clearly distinguish oil 
from water. In effect, the comparison of carbon and 
oxygen peak heights is a means of normalizing the 
effect of the oxygen background on the carbon gamma- 
ray peaks in a spectrum and makes possible the estima- 
tion of the relative amounts of oil and water in a forma- 
tion. 

Plots similar to Fig. 8 have been used as the criterion 
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for determining whether or not a sand contains oil dur- 
ing the course of field-testing the logging method. In 
one field test of a shallow sand, a plot similar to Fig. 8 
indicated petroleum; a production test of the zone 
showed that it produced gas. It is evident, therefore, 
that the logging method is sufficiently sensitive to the 
presence of carbon that it will even give indication of 
the presence of gas. 


It is apparent that, in addition to the carbon which is 
present as a constituent of petroleum, some carbon may 
be present as a component of the rock matrix of sub- 
surface strata. To investigate the ability of the logging 
method to distinguish between water and oil in such 
cases, the plots of Fig. 9 were obtained in water-satu- 
rated and in oil-saturated limestone in a test well. The 
limestone had about 40 per cent porosity. Here again 
the carbon content shows ‘a difference between oil and 
water, even though carbon was present as a major-con- 
stituent element of the calcium-carbonate matrix. 


RESUME OF FIELD RESULTS 

Results obtained in the field with this logging method 
have been extremely gratifying. The principle usage to 
date has been in diagnosing productive possibilities of 
sands behind casing in workover operations. The corre- 
lation of predictions made from data obtained by this 
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method with results of formation or production tests 
has been excellent, even though a number of runs have 
been made in areas and in zones in which sand con- 
ditions are far from ideal. Further, the tool has been 
operated successfully where casing has been filled with 
oil, salt water or fresh water. 


To date, the tool has been allowed to remain station- 
ary opposite zones of interest while spectral information 
is recorded. However, this has been dictated more by 
the desire to obtain definitive spectral information than 
by any innate characteristics of the tool which might 
prevent it from being used in a continuous logging 
system. 
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Field experience has demonstrated that both logging 
tool and surface equipment are capable of routine opera- 
tion. In particular, experience with the neutron gene- 
rator and its associated high-voltage supply has shown 
that these units are rugged, reliable and capable of 
sustained operation under well conditions. 
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ABSTRACT 


Pressure information for use in material-balance cal- 
culations is obtained, where possible, from pressure 
build-up surveys in shut-in wells. Using proper extrapo- 
lation methods, static pressures are obtained which, by 
averaging, give the field static pressure. 


Often, particularly in fields with a large number of 
wells, only spot pressure readings are available. A 
graphical method is presented here which enables the 
determination of the corrections which must be applied 
to the spot readings to give an estimate of the static 
pressure. Although the static pressures thus obtained 
are not so reliable as those from build-up surveys, they 
are more nearly correct than the spot readings them- 
selves for use in material-balance calculations. 


INTRODUCTION 


The average static pressure in a bounded reservoir 
is determined from a number of individual-well pressure 
measurements. Where pressure build-up curves are avail- 
able, extrapolation methods such as described in Ref. 
3 may be used to determine the static pressure in the 
drainage area of each individual well. 


The possibility of using pressure build-up curves pre- 
supposes that each well being surveyed is closed in dur- 
ing a certain period and that, during this time, a pres- 
sure recorder is left suspended in the hole. For surveys 
in fields with a large number of wells, this is usually 
not feasible for economic and other reasons. Either a 
large number of pressure recorders would have to be 
used simultaneously or, using a limited number of re- 
corders, the time interval needed to complete a field- 
wide survey would be too long. The data obtained for 
this incomplete coverage are insufficient to permit re- 
liable averaging of the few calculated static pressures 
over the entire reservoir. 


In many such cases another type of pressure informa- 
tion is available, i.e., spot pressure readings. During 
this type of pressure survey all wells are closed-in 
simultaneously and, after a reasonable shut-in time (e.g., 
three days), pressure readings are taken by running 
the recorder in and out of each successive well. These 
surveys, which are less expensive, are often taken at 
regular intervals, say once or twice a year. In fact, such 
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surveys are required by the state regulatory bodies in 
many portions of the United States. 


These spot readings are normally lower than the 
static (fully built-up) pressure due to the relatively 
short shut-in time. No direct means of extrapolating 
such a reading to the static pressure is available be- 
cause no pressure build-up record is obtainable. Con- 
sequently, these data are inferior to pressure build-up 
information as a basis for estimating the stabilized reser- 
voir pressure in the drainage area of a specific well. For 
the common case where abundant spot readings but only 
a few pressure build-up surveys are available, our 
studies suggest that it may be possible to design a pro- 
gram which will combine the two types of information 
and provide an estimate of the average reservoir pres- 
sure that is more reliable than that obtainable solely 
from either set of data. 

Fig. 1 illustrates graphically the information obtained 
by a pressure build-up curve as compared to a single 
spot reading. The shut-in pressure is plotted, according 
Nt 

At 


where ¢ is the past production time and At the shut-in 
time. The point marked with a cross is the final pressure 
read in either case. The straight-line portion of the build- 


to common procedure, vs the logarithm of 


up curve extrapolated to = 1 (ie., infinite shut- 
in time) gives a point marked p*. The actual static 
pressure at the time the well was shut-in is marked by 
p;. The illustration shows that, even if a build-up curve 
is available and can be extrapolated, a correction 


p 
p* 
Ps 
Pat 
spot reading 
At tof 
1 
1000 100 10 | 


Fic. 1—ILLusTrRATION OF THE RELATION BETWEEN EXTRAPO- 
LATED PREssuRE (p*), SpPoT PRESSURE (p,;) AND 
Static Pressure (p,). 
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p* — p, is needed to arrive at the true static pressure 
p,. Methods such as described in Refs. 1, 2 and 3 must 
be applied to calculate this correction, which is usually 
in a downward direction. On the other hand, if only 
a spot reading pas, is available, an upward correction 
Ps — Pat Must be applied. In the following, a simple 
method is presented by which the correction to be ap- 
plied to each spot reading is read from a graph. Although 
the static pressures thus obtained are generally not so 
reliable as those from pressure build-up surveys, they 
are more nearly correct than the spot readings them- 
selves for use in material-balance equations. 


DESCRIPTION OF METHOD 


The method is based on two basic equations. The 
first relates the flowing (producing) pressure p, in a 
well and the static pressure p, in the area drained by 
this well by 


quB 4A 


Eq. 1 is valid only after a sufficiently long period of 
regular production to allow equilibrium conditions to 
have been reached. A list of symbols is given in Table 1, 
but some of the properties need further classification. 
The wellbore radius r,, is the “effective” wellbore radius 
in which any positive or negative skin effect is incor- 
porated according to r,, = where r,, is the physi- 
cal well radius and S is the well known skin factor. C, 
is the shape factor, its value depending on the shape of 
the drainage area and the position of the well within 
this area. In Fig. 2, a list of shape factors is given for a 
number of configurations, as derived from Ref. 3. For 
a circular area with a well in the center, the shape factor 


4 ze” 


is equal to Cy = = 31.6 which, inserted in Eq. 


1, gives the better known equation for the radial case. 


The second equation to be used relates the pressure pa, 
reached after a shut-in time At to the flowing (produc- 
ing) pressure p, by 

4r k h YOM Cro 

This equation is only valid during a certain period of 
the shut-in time, occurring after the effect of after-pro- 
duction has disappeared and before either the closed-in 
time becomes of the same order of magnitude as the 
previous production time or before the drainage boun- 
daries noticeably affect the shape of the build-up curve. 


= 


TABLE 1—SYMBOL DEFINITIONS, UNITS AS USED IN EQ. 5, AND VALUES 
USED iN CONSTRUCTING SAMPLE GRAPHS IN FIG. 3 


Value Used 
Meaning of Symbols Units In Fig. 3 
q = Stabilized rate of production 
prior to shut-in B/D Measured 
h = Formation thickness ft Petrophysical data 
= Porosity fraction (0.1) 
A = Drainage area acres (40) 
= Fluid compressibility psi-} 
ro = Effective wellbore radius ft (.4) Estimated 
B = Oil formation volume factor fraction (1.33) 


Ca = Shape factor (depends on 
shape of drainage area and 


position of well) (31.6) 
ps = Static formation pressure psi To be determined 
pf = Producing bottom-hole 
pressure psi Estimated 
At = Shut-in time hours (72) 
p = Bottom-hole pressure after 
4t well has been shut-in for 
At hours psi Measured 
*y = Exponential of Euler's constant (1.781) 


LN = Natural logarithm 
log = “logarithm 
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Fic. 2—Suare Factors (C,) ror A NuMBER OF DRAINAGE 
CONFIGURATIONS. 


This implies that Eq. 2 is valid for the straight-line part 
of the curve expressing ps; as a function of InAf. In 
practice, for shut-in times At of the order of three to 
several days, Eq. 2 may be used. Before application of 
this method, the validity of this assumption in the field 
being studied must be checked by an analysis of some 
pressure build-up curves. 

The pressure correction p, — Ps:, which when added 
to the spot reading gives the static pressure, is found 
by subtracting Eq. 2 from Eq. 1. 

quB 4 
4a kh C, kAt 


Correction = p; = Pat = 


(3) 
If the permeability is reasonably uniform throughout the 
field, then according to Eq. 3 the correction is roughly 
proportional to q/h, i.e., the preceding production rate 
per unit sand thickness. By an extension of this concept, 
other methods in which the average of all the spot pres- 
sure readings are corrected by a factor proportional to 
the average q/h can be devised, but they will not be 
discussed here. The method presented here, although of 
general applicability, is especially useful for the case 
where large variations of the permeability occur through- 
out the field. It is based on the elimination of the 
mobility ratio k/u from Eqs. 1 and 3, which leads by 
normal algebraic methods (which are not repeated here) 
to the equation 


CORD 4rd cA 
with a = In Mastin!) 
lwo 


In conventional U. S. engineering units and using the 
“log instead of the natural log, Eq. 4 becomes 


log g/h = log (p, — p;) + G 

aS and a = log ao 
Graphs based on Eq. 5 can be constructed for any given 
average situation, from which the correction p, — Pa: 


to be applied to the spot reading p,, is read for given 
values of p,; and q/h. 


= 


(5) 


where G = log 
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Fic. 3—Sampie Grapus For Correctinc Spot Reapincs (p,;) To Static Pressures (p,) Basep on Eg. 5 anp Usinc VALUES AS 
GIvEN IN TABLE 1. 


In utilizing this method, it is necessary to estimate 
two important factors —the effective wellbore radius 
and the producing pressure. The method is most appli- 
cable in dealing with fields in which sufficient pressure 
build-up curves are available to ascertain that the com- 
pletion practices used result in similar, effective wellbore 
radii for most of the wells in the field. In a field with 
wells suffering from serious wellbore damage where, as 
a consequence, it is possible to have widely varying well- 
bore radii, the accuracy of the method would be re- 
duced. In most flowing wells, the producing pressure 
can be determined with sufficient accuracy from routine 
surface measurements of tubing and casing pressure. In 
pumping wells, fluid-level measurements and/or knowl- 
edge that most of the wells are “pumped off” while pro- 
ducing are generally available. 


A list of symbols, together with the units as used in 
Eq. 5, is given in Table 1. The last column shows the 
values used in the construction of the sample graphs 
in Fig. 3. 


APPLICATION 


The procedure of estimating the static pressure from 
a spot reading after 72 hours shut-in, for a situation 
characterized by the sample graphs, can best be ex- 
plained by an example. 


Given: ps; = 800 psi (At = 72 hours), 


p, = 200 psi (estimated), 
q = 120 B/D (average prior to shut-in), 
and 
h = 40 ft. 
From ps: — p; = 600 psi and q/h = 3 B/D/ft, read 
from Fig. 3: 
AUGUST, 1961 


Correction = p, — pa, = 160 psi and p, = 960 psi. 

To interpret a spot reading taken after a shut-in 
period At which differs from 72 hours, the same graph 
can be used. In such a case, enter the graph with 


qd At 

During the stage in the life of a field where the 
average static pressure is above bubble point but where 
the flowing-well pressures are below it, the shut-in times 
At should be long enough to ascertain that the spot 
reading pa, has reached bubble point. A correction 
which, applied to a spot reading below bubble point, 
would give a static pressure above bubble point cannot 
be trusted because of the sudden change in fluid com- 
pressibility which occurs in passing the bubble point. 
However, for many situations, this method is adaptable 
to the case of two-phase flow of oil and gas by the 
inclusion of the proper total mobility and compressi- 
bility values in the manner proposed by Perrine’ in his 
discussion of pressure build-up analysis. 


rather than q/h. 
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ABSTRACT 


This paper presents an analysis of the high-pressure, 
gas-driven LPG-slug process, based on fluid flow tests 
in areal models. Two types of tests were made. One 
series was made in low-pressure models which permitted 
observation of fluid movement. Three completely misci- 
ble analog fluids were used. A second series of tests 
was made in high-pressure models using methane, pro- 
pane and a light refined oil saturated with methane at 
room temperature and 1,550 psig. Under the test con- 
ditions of room temperature and a pressure level of 
1,550 psig, the phase diagram for the fluids used is 
similar to those for many of the field systems where 
the process is considered for use. A method for using 
these laboratory data to calculate field performance of 
the process is outlined. 


As a result of this work, it is concluded that small 
banks of LPG (5 per cent HV or less) are not effective 
in increasing oil recovery in horizontal reservoirs. In- 
stead, where small banks are used, the driving gas 
quickly penetrates the LPG bank because of fingering 
and channeling; and from this point on, the process 
behaves essentially as an immiscible gas-injection proj- 
ect. The validity of this conclusion was substantiated 
by: (1) laboratory studies of the effect of rate, model 
size and mobility ratio on miscible displacement in 
areal models; and (2) calculation of field recovery, 
which compared closely with actual field recovery. 


INTRODUCTION 


Field applications and pilot tests of the gas-driven, 
LPG-bank, oil-recovery process are on the increase.” 
Most of these tests are employing small banks (2% to 
5 per cent hydrocarbon volume) of LPG, which is 
miscible with both the driving gas and the oil in place, 
in an effort to attain an effective yet economical misci- 
ble displacement of oil by gas. The expectation of 
miscible displacement with small banks is based on the 
concepts that: (1) lengths of solvent-oil mixed zones, 
measured during miscible displacements in long slim 
cores, are representative of those that will occur in the 
field; and (2) areal sweep efficiencies’ measured in 
electrolytic model studies are applicable to miscible dis- 
placement in reservoirs. 
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Our experimental evidence indicates that the mixed- 
zone lengths and sweep efficiencies mentioned are not 
applicable to miscible displacement in reservoirs. In 
this paper we present an evaluation of the gas-driven, 
LPG-bank oil-recovery process based on fluid flow 
experiments in areal models. These results are used 
to predict the performance of a field pilot test of this 
process, and the results are compared with the actual 
test results. 


THE EFFECTIVENESS OF LPG BANKS 


The effectiveness of LPG banks of various sizes in 
accomplishing miscible displacement of oil by gas was 
determined by displacement tests in a model represent- 
ing one-quarter of a confined five-spot pattern. The 
model, 12 X 12 X % in. in size, was packed uniformly 
with glass beads. It was operated at a pressure of 1,550 
psig and at room temperature; the fluids used were 
methane, propane and refined oil saturated with methane 
at 1,550 psig. The saturated oil had a viscosity of 1.2 
cp at room temperature. 


The results of these tests are shown in Fig. 1, where 
recovery is plotted as a function of the volume of 
fluid injected for: (1) an immiscible-gas drive with an 
oil-to-gas viscosity ratio of 85; (2) three sizes of LPG 
banks; and (3) two completely miscible displacements 
with mobility ratios of 85:1 and 10:1. (The miscible 
displacement data plotted are the averages of several 
tests.) The results show that a 2% per cent bank of 
LPG does not increase oil recovery over that obtained 
by immiscible-gas drive. The 7 and 17 per cent banks 
are, respectively, about 30 and SO per cent effective 
(with reference to the M = 85 miscible-displacement 
curve) in increasing oil recovery at the point where 214 
hydrocarbon volumes (HV) of fluid have been injected. 
The percentage effectiveness of the banks at a given 
volume of fluid injected is defined as 

Recovery by Bank — Recovery by Gas Drive 

Recovery by Miscible Recovery by 
Flooding Gas Drive 
We conclude from these results that banks of LPG 
smaller than about 5 per cent HV in an individual 


stratum will cause from little to no increase in oil re- 
covery. 


This finding was substantiated by work in low-pressure 
models, which permitted visual observation of fluid 
movements. In these tests, three completely miscible 
fluids having the same viscosity ratios as those used in 
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the bank efficiency tests just discussed were used. Banks 
of dyed fluid representing LPG banks were injected 
to displace clear fluid representing oil and followed by 
clear fluid representing gas. Transmitted light was used 
to observe and photograph how and when the solvent 
bank was breached by the driving fluid. It was found 
that a bank as small as 5 per cent HV was penetrated 
early in the displacement. Therefore, an LPG bank of 
this size could not be very effective in maintaining a 
miscible displacement of oil by gas. These results are in 
sharp contrast with those obtained in electrolytic model 
studies’ and tests in slim cores. 


EXTENSION TO RESERVOIR SYSTEMS 

To check the applicability of these results to larger 
systems, we made a study of miscible displacement in 
low-pressure models of various sizes representing one- 
quarter of a five-spot. Again, these models were packed 
uniformly with glass beads, and equal-density fluids 
(Dow Corning fiuids and Halocarbons) were used. These 
results were later compared with those from high-pres- 
sure tests using fluids having unequal densities (propane 
and oil). The sides of the low-pressure models were 
Lucite plates, which together with the use of dyed 
fluids permitted visual observation of fluid movement. 
From these observations, we estimated the amount of 
mixing by diffusion and dispersion in some tests. 


LOW-PRESSURE MODELS 

In our low-pressure models, we studied how miscible 
displacement efficiency is affected by (1) mobility 
ratio, (2) flow rate, (3) model size and (4) well-spac- 
ing to model-thickness ratio. 


The results of this work are shown in Table 1. They 
show that mobility ratio was the only variable that had 
any measurable influence on over-all miscible displace- 
ment efficiency. All tests at a given mobility ratio, in 
three different-sized models and at a variety of injection 
rates, fall on one curve. These recovery curves for the 
mobility ratios of 1, 10 and 41 are plotted on Fig. 2. 
Since recovery by miscible displacement from these areal 
models is not a function of rate or model size, it follows 
that molecular diffusion and/or dispersion are not im- 
portant in this no-gravity system. 


It was necessary to consider additional factors be- 
fore extending these findings to our bank efficiency 
tests. For example, it is possible that, even though dif- 
fusion is not important for straight miscible displace- 
ment, allowances must be made when small banks are 
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TABLE 1—VOLUMETRIC OIL RECOVERY FOR FIVE-SPOT MODELS 
Model Size Rate** Oil Recovery (per cent HV) 


(in.) (in./day) Breakthrough 1 HV 2 HV 5 HV 
Mobility Ratio* = 1 
36 X 36 X 9/16 260 69.2 == = — 
180 67.3 = 
18 X 18 X 5/16 360 68.0 
360 67.8 = 
20 67.3 = 
9X 9X 720 71.5 = 
80 70.0 = 
Mobility Ratio* = 10 
36 X 36 X 9/16 20 33.0 68.0 82.0 
20 31.6 68.0 = — 
18 X 18 X 5/16 180 26.8 70.5 == = 
40 28.0 69.0 83.0 99.5 
20 34.5 68.5 — 
20 31.0 65.5 81.5 
9X 9X, 290 33.0 65.5 81.0 97.0 
80 31.9 = = 
80 31.4 68.0 84.0 99.5 
20 34.3 = = = 
20 36.4 66.5 84.0 = 
2 40.7 
2 38.1 69.5 85.0 — 
9X 9X Pp 20 34.0 65.0 82.0 = 
OS 20 35.0 69.0 84.0 = 
Mobility Ratio* = 41 
36 X 36 X 9/16 20 23.9 59.0 = a 
20 20.7 53.0 
18 X 18 X 5/16 40 16.6 540 
20 5610) 67,0) 
2 25 3 54.5 66.5 = 
2 24.8 = = _ 
9X 9X Vp 80 18.6 6810) 
20 20.7 = — — 
20 26.1 GO) 
3 22.4 50.0 = — 
OSE VA 20 22.0 55.0 69.0 = 


*Mobility Ratio = Viscosity displaced phase/viscosity displacing phase. 
**Ratea = Length of diagonal of model, in inches/time in days to inject 1 HV. 


used. Furthermore, gravitational forces were present in 
our bank efficiency tests. These factors were handled 
as follows. 


GRAVITY EFFECTS 

The ratio of gravitational forces to viscous forces 
in our bank efficiency tests where actual reservoir fluids 
were used was greater than in most pilot tests of this 
process. To determine if these gravitational forces in- 
fluenced our results, we miscibly displaced 1.0-cp oil by 
liquid propane from a confined five-spot model at the 
same rate as our bank tests. We compared the results 
of this test with those from tests where equal-density 
fluids were used (see Fig. 3) and found that the re- 
covery curve where gravitational forces were present 
was almost identical to those where gravitational forces 
were zero. This indicates that conclusions from our 
tests using equal-density fluids are applicable to reser- 
voirs where gravity vertical to the bedding plane is a 
minor term. 


DIFFUSION AND/OR DISPERSION 

We used our 1:1 mobility-ratio miscible displace- 
ments in the 18- < 18- X 5/16-in. model to estimate 
the amount of mixing due to the combination of dis- 
persion and diffusion. The use of dye in the injection 
fluid allowed us to obtain this estimate by comparing 
the volumetric recovery with the areal coverage at 
breakthrough of injection fluid. A comparison of these 
values for experiments made at different rates is shown 
in Table 2. 
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A difference of about 2 per cent was found for all 
tests. We assumed that this difference was due to mix- 
ing by diffusion and dispersion. This amount of mixing 
is greater than would be the case by these mechanisms 
in the field. Therefore, we discounted the bank sizes in 
our laboratory tests. In our bank tests there were two 
mixed zones (oil-propane and gas-propane); however, 
tests with analog fluids showed bank penetration much 
before breakthrough. We considered that these effects 
were compensating and discounted our propane banks 
by 2 per cent HV; that is, we said a 5 per cent bank 
in our model would act like a 3 per cent bank in a 
reservoir, a 10 per cent bank would act like an 8 per 
cent bank, etc. 


There are little data in the literature which can be com- 
pared with the data just mentioned. Most of the areal 
miscible-displacement work have been reported on the 
basis of areal coverage which is not comparable with 
volumetric recovery. In general, it can be said that 
the data in this report are in good agreement with those 
reported by Habermann.° 


We believe that the lack of sensitivity of miscible 
displacement efficiency to rate and model size strongly 
indicates that fluid flow tests in areal models are much 
more representative of how this process will behave 
in a reservoir than are electrolytic model studies and 
slim-tube tests. The latter tests have the following limi- 
tations. 


1. Electrolytic model studies do not permit fingers to 
form whereas, in miscible fluid-flow experiments, finger- 
ing is the predominant feature for adverse-mobility- 
ratio miscible displacement. 

2. Ample experimental and theoretical work has been 
published which shows that, for linear models, the 
length of a mixed zone formed during miscible displace- 
ment increases with core diameter. 


Lacey, et al,’ observed that increasing the core diam- 


TABLE 2—AREAL COVERAGE VS VOLUMETRIC OIL RECOVERY, fo/us =1.0 


Model Size Rate Volumetric Areal 
(in.) (in. /day) Recovery (% PV) Coverage (%) 

18 X 18 K 5/16 360 68.0 69.8 

360 67.8 68.9 

40 69.0 69.8 

20 67.3 69.8 
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eter from 2 to 6 in. caused a drastic increase in the 
length of the mixed zone. This observation is sub- 
stantiated by Perrine’s® theoretical study on instability. 
His conclusion was that, although the dispersion process 
may stabilize the laboratory flood because disturbances 
are limited to short “wave lengths”, it need not stabilize 
field floods because of the larger cross section of reser- 
voirs. 

Offeringa and van der Poel’ concluded from the ap- 
plication of scaling concepts to miscible displacements 
that the short, stabilized mixed zones observed in long 
slim cores will not occur in the field, where the diam- 
eter is much larger and where lateral diffusion cannot 
make itscif felt over such a large distance in the time 
available. Blackwell, et al,” verified this explanation in 
work with models of different widths. They found that 
their narrowest model produced a stabilized mixed zone. 
However, they observed that the prototype of this nar- 
row model is not typical of any reservoir of practical 
dimensions. They noted that, in models representing 
wider and more realistic prototypes, diffusion did not 
produce a stabilized zone and the displacement remained 
independent of rate. They concluded that this latter 
behavior is more typical of reservoir performance. 


All of this work shows that zones measured in slim 
cores should not be extrapolated to reservoirs. 


CALCULATION OF FIELD BEHAVIOR 


An evaluation of a process based on laboratory tests 
must be compatible with the results of full-scale field 
tests. Unfortunately, no full-scale field test of the LPG 
miscible-slug process is far enough along for the results 
to be conclusive. However, pilot tests have been com- 
pleted. For most of the tests reported on, the test 
pattern was a single, unconfined five-spot consisting of 
one injection and four production wells. To compare 
laboratory test results with this type of pilot test, three 
factors must be considered: (1) pattern or sweep 
efficiency, (2) effect of bank size on oil recovery, and 
(3) reservoir stratification. The recommended approach 
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to analysis of these factors is described below. The data 
obtained from calculations and experiments in such an 
analysis are also discussed. 


PATTERN EFFICIENCY 

A model study should be made to measure the pattern 
efficiency of the unconfined five-spot pattern for both 
miscible and immiscible fluid displacement. The model 
should be geometrically similar to the pilot test area of 
interest.” The model should permit observation of the 
swept area, and the ratio of the volume of injected 
fluid to produced fluid in the pilot test should be re- 
produced. Mobility ratios and the ratio of viscous to 
gravitational forces in the field should be reproduced 
insofar as possible. 


To determine the relative efficiencies of the confined 
and unconfined five-spot pattern, we ran displacement 
tests in models packed uniformly with glass beads and 
having the dimensions shown on Fig. 4. Here again the 
models permitted visual observation of fluid movement. 
The volume of fluid injected was equal to the volume 
produced from the single producing well for all of this 
work. Both miscible and immiscible fluid displacement 
were investigated to bracket the oil-recovery perform- 
ance between these two extremes. 


Miscible Displacements 


We ran miscible displacement tests in these models 
using fluids of equal density and having a viscosity ratio 
(displaced fluid/displacing fluid) of 85. The results of 
these tests, given in Fig. 5, show that the unconfined 
five-spot is about 1.4 times as efficient as the confined 
five-spot. Photographs made of the unconfined model 
after injection of about 3 HV of solvent reveal that 
only a small amount of solvent had gone outside the 
five-spot area, as shown in Fig. 6 (alongside the same 
results for immiscible displacement in Fig. 7), and that 
much of the improvement in displacement efficiency 
was due to increased areal sweep within the five-spot 
area. These findings are consistent with those of Paul- 
sell 


Immiscible Tests 


For the immiscible-fluid displacement tests, we dis- 
placed 1.5- and 4.8-cp oil from  glass-bead-packed 
models with 0.018-cp nitrogen. We also displaced 1.5-cp 
oil with nitrogen from confined and unconfined five- 
spot models of consolidated Bartlesville sandstone. This 
material has a gas-oil relative permeability curve which 
is similar to that of many reservoir rocks. These results 
are shown in Figs. 7, 8, 9 and 10. In all cases it was 
found that roughly twice as much oil was recovered 
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from the unconfined five-spot pattern. A photograph, 
shown on Fig. 7, made of the unconfined five-spot bead- 
packed model during the displacement of 1.5-cp oil 
(after injection of 3.0 HV of nitrogen) explains why 
more oil is recovered from the unconfined pattern. It 
shows that the area swept by gas is over twice as large 
as the confined pattern and that much of the recovered 
oil came from outside the five-spot pattern. Therefore, 
high recovery from an unconfined pattern is not neces- 
sarily representative of any confined pattern. Data are 
not available in the literature for comparison with these 
results; however, the high recovery efficiency of the un- 
confined pattern is consistent with the work of Dalton.” 


These findings show that pilot-test oil recoveries from 
unconfined, inverted five-spot patterns, where the volume 
of produced fluid is equal to the volume injected, are 
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vety optimistic and should not be directly extrapolated 
to predict performance of full-scale applications. 


EFFECT OF LPG BANK 
SIZE ON OIL RECOVERY 


A model study should be made to measure the extent 
to which the LPG bank used in the field will increase 
recovery over that which can be achieved by immiscible- 
gas drive. This should be done for a range of bank sizes 
because stratification in the field will probably cause 
variation in the bank size injected in each layer of the 
reservoir. 


RESERVOIR STRATIFICATION 

Using the model data herein and core-analysis data 
from the pilot test area, the recovery from the pilot test 
can be calculated. This will involve two considerations: 
(1) an analysis of the stratification in the test area, 
and (2) a conventional calculation of flooding in a 
noncommunicating stratified system. 


Analysis of Stratification in Test Area 
This is very important for processes in which the 
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injectivity increases greatly during the life of the pro- 
cess. In other words, prediction of performance is very 
sensitive to the degree of stratification. We propose a 
statistical method using core data (both porosity and 
permeability) from the pilot wells to divide lithologic 
intervals of interest in each well into zones such that 
the correlation index for each well is nearly a maximum. 
The correlation index is defined as 


Qy + 
where aw = the variance within a zone, 
a,’ = the variance component between zones, and 
a = the weighting coefficient for a’. 
Estimates of these quantities are obtained, using the 
analysis of variance technique,” by the following rela- 


tionships. 

Ji 

1j=1 

and 


ay +a ap > (X; xX) /I 
i=1 j=1 
where Q = the total number of data, 
I = the number of zones, 
J, = the number of data in the ith zone, 


X,, =the measurement of the reservoir property 
(e.g., permeability) , 

X,: =the mean of the measurements of the ith 
zone, and 


X =the mean for all measurements in one well. 


This approach allows the formation to be broken into 
zones such that (1) there is minimum variation within 
zones, and (2) there is maximum variation between 
zones. 

We assume that within each zone there is a random 
distribution of properties so that each zone will behave 
as a homogeneous unit having properties equal to the 
average properties of the zone. Since it is required that 
these zones correlate from well to well, it will sometimes 
be necessary to use a single-well zonation, which gives 
something less than a maximum correlation index. We 
believe the statistical method outlined will give the best 
estimate of reservoir stratification. An alternate and 
common method of obtaining reservoir zonation is to 
use a fractional capacity-fractional thickness curve. 
This approach essentially assumes the worst possible 
stratification — that is, complete segregation of the 
permeability ranges. It is also possible that a reservoir 
could be so heterogeneous it would act as a homo- 
geneous system. Actual reservoirs are undoubtedly be- 
tween these extremes. 


Conventional Calculation of Flooding in a 
Noncommunicating Stratified System 
To calculate recovery for the field, use k,/k, data 
for the field plus recovery, injectivity and bank efficien- 
cies from models as outlined by the following. 


1. Use field k,/k, data to calculate recovery for each 
zone by gas drive only. 

2. Use model data to calculate recovery for each zone 
by miscible flooding. 


3. Calculate the bank size in each zone and use bank 
efficiencies from models to interpolate a recovery curve 
for each zone between the two extremes (in 1 and 2). 


4. Sum up recovery from all zones using a method 
similar to that used by Justen, et al.’ 
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APPLICATION TO THE PEMBINA 
PILOT TEST 


At the present time, only a few pattern tests of the 
miscible-slug process have been completed. Available 
data on most of these are limited. However, a pilot 
test, which was carefully controlled and on which exten- 
sive data were collected and complete results were pub- 
lished,’ is that run by Mobil Oil, Ltd. in the Pembina 
field of Alberta, Canada. This was a 10-acre inverted 
five-spot with one input well and four producers. An 
LPG bank equal to 7 per cent of the hydrocarbon 
volume of the 10-md-plus sand was injected. We have 
used the method proposed in this paper to analyze the 
performance of this pilot. Results are given in following 
paragraphs. 


We concluded from this analysis that no layer of the 
reservoir received a large-enough bank of LPG to allow 
a substantial improvement over a gas drive. Instead, the 
process behaved essentially as a gas-injection project, 
resulting in recovery of oil from a much larger area 
than the pilot area, as shown by our immiscible dis- 
placements from unconfined five-spot patterns (Fig. 7). 


The oil recovery from this pilot test was calculated 
for two assumptions regarding reservoir thickness — 
(1) that hydraulic fracturing had opened a thin sand 
about 4-ft below the perforated interval, and (2) that 
no sand below the perforated interval was open to pro- 
duction. In both cases, all sand having permeability in 
excess of 0.1 md was included. Using the statistical 
zonation technique previously described, the reservoir 
was divided into four layers in the first case and three 
in the second. Relative permeability data (k,/k,) from 
two sources” were used in these calculations. 


These calculations and the actual field results are 
compared on Figs. 11 and 12. There is excellent agree- 
ment between the calculated and actual results. Also 
shown are calculated recovery curves for a confined 
five-spot pattern. These are the recovery curves which 
would be expected for a full-scale field application. 


These comparisons show that evaluation of the pro- 
cess, based on flow tests in areal models and the 
described calculative method, is compatible with field 
behavior. They also show the hazards of direct extrapo- 
lation of unconfined pilot-test results, since more oil 
was recovered from the pilot test than would be ex- 
pected from any confined pattern. 


CONCLUSIONS 


1. From the results of our evaluation of the LPG- 
slug process, we conclude that small LPG banks of the 
order of 5 per cent HV or less are not effective in in- 
creasing oil recovery from horizontal reservoirs. This 
conclusion will not necessarily apply if the mobility ratio 
or its adverse effects are reduced in some manner. 
Further, it does not apply if the process is used in a 
dipping reservoir where gravity forces can suppress 
fingering and channeling. 

2. In our opinion, an evaluation of the bank efficiency 
in reservoir applications should be made on the basis 
of fluid flow tests in areal models in preference to 
electrolytic model studies and fluid flow tests in long 
slim cores. 

3. The calculated recovery curve for the Pembina 
pilot test, using our model data and calculation method, 
closely matches the actual recovery curve. 
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The type of performance reported for miscible dis- 
placements with unfavorable mobility ratios and with 
small miscible banks in miniature models is not un- 
expected. Viscous fingering is the predominant factor 
controlling such displacements for short distances. There 
is little opportunity, in such small models, for disper- 
sion and diffusion to provide a significant blended zone 
between displaced and displacing fluids and to reduce 
the viscosity gradient before the fingers of displacing 
fluid reach the outlet well or penetrate the thin banks 
of miscible fluid. 

Weinaug and Ling* and Slobod and Lestz’ have 
demonstrated that reducing the viscosity gradient, with 
blended zones of only a few inches in length, results 
in a drastic decrease in viscous fingering. Blended zones 
of a number of feet in length, resulting in a marked 
decrease in viscosity gradient, could be expected to be 
formed during displacement over distances between 
wells in actual reservoirs. 

Therefore, it is surprising that the authors would 
suggest application of their model results to field res- 
ervoirs, in a manner implying that the experiments 
were properly scaled. There was no scaling of the most 
important factor in the experiments, viscosity gradient. 

In studying areal-sweep behavior in small models of 
unconfined five-spot patterns, the authors found a sub- 
stantial difference between the areal-sweep results of 
miscible and immiscible displacement. From the picture 
in Fig. 7 of the subject paper, it is evident that there 
is a large variation in fluid saturation throughout the 
area swept by immiscible displacement. Fluid mobility 
depends upon saturation, and areal-sweep behavior de- 
pends upon fluid mobility. In field-scale patterns the 
zone of saturation gradient, varying from original sat- 
uration to residual saturation of displaced fluid, is ex- 
pected to occupy a much smaller fraction of the pat- 
tern than in the miniature model. Therefore, the model 
would not provide the same areal sweep as would be 
obtained on a field scale with immiscible displacement. 


In application of the model results to the Pembina 
pilot test, it was necessary to account for the effects of 
permeability stratification on the pilot performance. 
The “zonation” approach in the subject paper aver- 
aged correlatable zones over the entire area between 
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pilot producing wells. This averaging technique elim- 
inates much of the actual difference in reservoir prop- 
erties between the injection well and individual pro- 
duction wells and inherently assumes that each pro- 
ducer will exhibit the same performance. Flow be- 
tween the injection well and an individual producer 
is influenced primarily by the characteristics of the 
flow path between them. It is obvious from the actual 
results of the pilot test® that there were large differences 
in the performance history of each of the producers. 
Helium tracer tests,* conducted in the pilot area, re- 
sulted in evidence of at least 7 to 10 separate zones 
of different transmission characteristics between the 
injector and each producer. The “zonation” technique 
correlated only three or four separate zones for the 
entire pilot area. Over-all performance of water floods 
in Pembina indicates that a more detailed zonation is 
necessary in this reservoir. 


It is concluded that the authors have not correctly 
evaluated any of the individual factors—microscopic 
displacement, areal sweep, or permeability stratifica- 
tion—which affected oil recovery in the Pembina pilot. 
By underestimating displacement efficiency and over- 
estimating volumetric sweep, they have arrived at an 
oil-recovery estimate that matches over-all pilot oil 
recovery. However, their analysis does not agree with 
many important details of the pilot test which provide 
a true insight to its performance. 


The successful performance of the Parks field misci- 
ble flood,’ which utilized a 4 per cent bank of LPG, 
disproves the authors’ conclusion concerning the in- 
effectiveness of LPG banks of less than 5 per cent of 
the hydrocarbon volume. Further, the arguments that 
viscous fingering will predominate in the performance 
of miscible floods in the field are refuted by the suc- 
cessful performance of the University Biock 31 high- 
pressure-gas miscible flood.’ 
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The authors of this paper present experimental data 
obtained on small-scale three-dimensional models. The 
assumption is made throughout the paper that results 
based on this data can be scaled to full-size reservoirs. 
The justification for this assumption is based on the 
successful prediction of the recovery obtained in the 
Pembina pilot flood. However, there are other methods 
of calculation which also successfully predict the re- 
covery obtained in this particular pilot. For example, 
a calculation method based on a different concept was 
performed at our laboratory and the results were in 
agreement with the pilot flood recovery. These recov- 
eries have also been calculated and reported in the 
literature using results obtained in slim-core models 
and aerial sweep efficiencies obtained in electrolytic 
model studies. 


This paper represents a good example of the mis- 
understanding existing in the oil industry with respect 
to the application of small-scale laboratory results to 
a large field. The authors have ignored scaling laws 
which may be deduced from a study of the basic 
mechanisms involved in a miscible-flood process and 
have naively contended that results obtained in a model 
1 ft on a side could be directly applied to a segment 
of a field which is 330 ft on a side. Scaling laws appli- 
cable to miscible fluid displacement have been developed 
using inspectional analysis as reported by Geertsma, 
Croes and Schwarz.’ It is quite possible that some of 
the scaling rules listed in this paper are unnecessary 
for real application. 


At this time, however, there is no real evidence in 
the literature which would allow the authors to ignore 
any of the scaling rules for a study of the miscible-slug 
process. 


The authors present results in the section entitled, 
“Low-Pressure Models”, to show the effect of mobility 
ratio, flow rate, model size and well spacing to model 
thickness ratio for a simple miscible displacement of 
one fluid by a second. They conclude that recovery 
by miscible displacement is not a function of rate or 
model size. Experimental errors involved in making 
their determination would completely mask the sort of 
effects anticipated for the dependency of model size. 
The authors state that flow rate does not affect re- 
covery, while an examination of their Table 1 shows 
a definite trend towards increased recoveries at break- 
through with decreased injection rates. Furthermore, 
their studies of the effects of these variables were per- 


1Geertsma, J., Croes, G. A, and Schwarz, N.: “Theory of Dimen- 
sionally Scaled Models of Petroleum Reservoirs’, Trans., AIME 
(1956) 207, 118. 


AUGUST, 1961 


THE OHIO OIL CO. 
LITTLETON, COLO. 


formed in a low-pressure model and did not include 
studies of the miscible-slug process. Therefore, these 
studies do not reveal the effect of the variables studied 
upon the process of interest, the miscible-slug process. 


The conclusion that molecular diffusion and disper- 
sion are not important in a no-gravity system was based 
on results of a micible displacement in a low-pressure 
model in which a miscible slug was not used. These 
results give no information as to the effect of diffusion 
or dispersion on the bank in a full-size reservoir. Data 
obtained in our laboratory have shown that the co- 
efficient of diffusion is a function of the absolute 
viscosity of the displacing and displaced fluids, lower 
absolute viscosity fluids having the larger values of 
diffusion coefficient. In the systems measured thus 
far, diffusion coefficients have been observed to vary 
by a factor of 30. Gases have much lower viscosities 
than liquids. Therefore, the diffusion between the con- 
tact of the gas and LPG bank in a field displacement 
may be much larger than heretofore suspected. Hence, 
the observation by the authors of the diffusion and 
dispersion in low-pressure models where fluids of high 
absolute viscosity were used is probably misleading. 
Also, the flow rate through the high permeable medium 
in the authors’ experiments has probably made the 
mixing by diffusion insignificant. The point is made 
that the mobility ratio is the only factor which is signif- 
icantly influencing the recovery. However, since a com- 
pletely miscible fluid displacement was used (no slug), 
the recovery should not be a strong function of the 
molecular diffusion or dispersion. 


The authors chose to ignore scaling their models 
for the effects of diffusion and dispersion. This un- 
doubtedly led them into serious difficulties in an area 
to which they apparently gave little or no considera- 
tion. The fluids used in the studies made of the effect 
of slug size were refined oil equivalent to dodecane, a 
slug consisting of propane, and gas consisting of pure 
methane. Phase calculations may be made which show 
that, if as little as 3 per cent dodecane is present with 
propane and methane, an immiscible displacement will 
result. Studies of mixing-zone lengths in slim tubes 
have shown that the mixing-zone length due to diffusion 
and dispersion is as long as the distance traveled by 
the front during the early period of the displacement. 
Applying this result to the models used in this study, 
we would note that the mixing zones would extend 
across the slug from the gas to the oil and miscibility 
could not have been maintained over a very long dis- 
tance because of the unscaled diffusion and dispersion 
effects. These effects would not be present to this same 
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magnitude in full field application of the process where 
the initial thickness of the slug may be a few hundred 
feet. 


In the “Introduction,” the authors state that their 
experimental evidence indicates that the mixed zone 
length and sweep efficiencies obtained in slim-core 
models and electrolytic models are not applicable to 
miscible displacement in reservoirs. However, many of 
the conclusions arrived at from a study of data ob- 
tained in the models used by the authors could have 


been obtained from a study of the results obtained in 
a slim tube. For example, their results which indicate 
that recoveries are very low for the injection of small 
slugs would also be obtained in a slim core which is 
only 1-ft long. However, the use of a slim core which 
is 10-ft long or longer would show that the result 
obtained in the first foot is not directly applicable to 
that to be obtained through a sweep of 10 ft of core. 
It is difficult to understand how the authors could 
believe that the same sort of scale-up problems would 
not exist in their small three-dimensional models. 


DISCUSSION 


F. F. CRAIG, JR. 
R. C, KOELLER 
MEMBERS AIME 


This paper presents the results of a series of flow 
tests which lead the authors to conclude that “small 
LPG banks of the order of 5 per cent HV or less are 
not effective in increasing oil recovery from horizontal 
reservoirs”. The purpose of this discussion is to show 
that the experiments performed do not provide a valid 
test of this conclusion. 


The key tests cited to support the above conclusion 
are those in which oil was displaced from a glass-bead- 
packed five-spot quadrant with various-sized banks of 
propane followed by gas. The implication is made that 
these were scaled model experiments. 


The results presented in Fig. 1 are not data from 
scaled experiments. They are misleading in that they 
do not reflect the fact that miscible-displacement effi- 
ciency (recovery from swept po-tion of system) is 
100 per cent, regardless of rock flow properties, where- 
as immiscible-displacement efficiency depends upon the 
relative permeability characteristics. The data in Fig. 1 
indicate that a miscible-slug drive has only a slightly 
better oil-recovery efficiency than a conventional gas 
drive. This applies to the glass-bead-packed app.iratus 
from which the data were derived. This comparison 
cannot be extended to a reservoir system. Numerous 
published data have shown that the oil-displacement 
efficiency from glass beads by gas injection is very 
nearly as high as that by solvent injection. In reservoir 
systems the oil-displacement efficiency by gas drive can 
be as much as fivefold smaller than that by solvent in- 
jection. Thus, in a reservoir system the contrast in oil- 
displacement efficiency between miscible slug and con- 
ventional gas drives could be as much as a factor of 
five greater than that inferred from Fig. 1. 


The work of Blackwell, et al (authors’ Ref. 10) 
underscores the need for dispersion scaling in miscible- 
displacement model tests in which gravity segregation 
and fingering are manifest. Instead of adhering to the 
constraints imposed by dispersion scaling, the authors 
performed a series of independent tests from which 
they concluded that flow rate, a prime factor in dis- 
persion scaling, was not a factor in their bank experi- 
ments. This was the series of miscible displacements 
with equal-density fluids in five different-sized models 
at three levels of mobility ratio. Of course with no 
density difference between the fluids, it would be ex- 
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pected that the rate effects would be minimized. But 
still, the authors overlooked a statistical tool which 
can be used to determine if there is indeed no effect 
of rate in the data of Table 1, as they concluded. 


To apply the statistical test, a second-degree poly- 
nomial was fitted by least squares to various sets of 
the data in Table 1 to express breakthrough oil recov- 
ery vs flow rate. Correlation coefficients were then 
calculated to express closeness of fit between the poly- 
nomials and the data. The probability that there is a 
correlation can be determined from the correlation 
coefficient, the number of data points in the set and 
the degree of the fitted polynomial, using available 
tables." For the entire set of M = 10 data, it was 
determined that there is a probability of 0.998 that 
the recovery at breakthrough can be correlated with, 
and is thus dependent upon, rate. The probability that 
there is a correlation of breakthrough recovery with 
rate in the M = 10 data from the 9 X 9 X %-in. 
model is 0.999; for the entire set of the M = 41 data, 
the probability of such a correlation is 0.995. No other 
sets of data given in the paper, particularly those for 
unfavorable mobility ratios, contain enough points to 
make a similar analysis. We conclude from this analysis 
that the breakthrough recoveries given in Table 1 are 
affected by rate. Moreover, the polynomials fitted 
through the three sets of data analyzed showed in- 
creasing recovery at breakthrough with decreasing flow 
rate. For example, the polynomial fit to the M = 41 
data indicates that the recovery at breakthrough in- 
creases from 18.3 to 26.6 per cent as the flow rate 
decreases from 80 to 1 in./day. This trend is con- 
sistent with conclusions of Blackwell, et al, regarding 
the effects of dispersion due to molecular diffusion and 
convective mixing in laboratory tests. 


In conclusion, there is no indication that the authors’ 
tests were scaled experiments. The recovery data for 
which flow rates were given (Table 1) show a de- 
pendence upon rate. Since the LPG-bank tests, as well 
as the confined and unconfined five-spot tests, were 
conducted at unspecified flow rates with fluids of finite 
density difference, there is a question about the ap- 
plicability of these results to reservoir conditions. 


Volk, W.: Applied Statistics for Engineers, McGraw-Hill Book 
Co,, Inc., N. Y. (1958) 281. 
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Authors’ Reply to C. A. Connally, F. F. Craigs 
Reece Woeller Ay 1. Benham, W. B. Gogarty and F. H. Poettmann 


The discussions of the gentlemen above will be re- 


plied to individually, and then a few general statements 
will be made. 


REPLY TO C. A. CONNALLY 


Connally Suggests that the graded-viscosity-bank work 
of Weinaug and Ling and Slobod and Lestz indicates 
that viscous fingering will not be a severe problem in 
the field. This conclusion does not at all follow from 
their work. In laboratory tests by Slobod and Lestz, 
relatively large graded banks (ranging from 0.15 to 
0.30 PV in size) were used to combat the fingering in 
a miscible displacement where the mobility ratio was 
only slightly adverse (u,/u, = 3). In the Weinaug and 
Ling work, a 0.06 PV graded bank was used to combat 
fingering in a miscible displacement where the mobility 
ratio was also only slightly adverse (,/, = 2.7). 
Under these test conditions, representing only slightly 
adverse mobility ratios, there is virtually no tendency 
for solvent to finger anyway. Furthermore, there has 
been no work, by these authors or others to show that 
the bank size requirements can be reduced and still 
achieve the same oil-recovery performance in larger, 
geometrically similar models. 

Connally further claims that for immiscible displace- 
ment the length of the zone of saturation gradient be- 
comes relatively smaller in larger systems. Since we in- 
jected the nonwetting fluid at stabilized rates, this com- 
ment is not applicable to our work because it would be 
contrary to the generally accepted Buckley-Leverett 
theory. 

It is suggested by Connally that the zonation tech- 
nique used in our paper was inadequate, and results of 
helium tracer tests are cited to back up this claim. We 
made a detailed study of these tracer results. Very 
significantly, material-balance calculations showed that 
only about 25 per cent of the injected helium: appeared 
at the production wells. This is strong evidence that a 
large fraction of the injected gas went outside the test 
pattern as was indicated by our model study. Further- 
more, careful examination shows that. stratification 
could not possibly account for the helium-concentra- 
tion profiles observed at the production wells. Channels 
resulting from viscous fingering could account for the 
observed behavior. 

Finally, Connally cites the performance of the Parks 
and Block 31 fields to disprove our conclusion concern- 
ing the ineffectiveness of small LPG banks. The Parks 
project has only recovered about 18 per cent of the 
predicted recovery by this process, and eight out of 
32 production wells have suffered LPG breakthrough. 
In light of these facts, labeling the Parks test as a suc- 
cessful project is premature. In the Block 31 test, a 
straight miscible displacement is being achieved by in- 
jecting dry gas at high pressures. In this project the 
mobility ratio is much lower than generally encountered 
in the LPG-slug process (10 rather than 80 to 100). 
Therefore, we would expect fingering and channeling 
to be much less of a problem. This test is also in a 
relatively early stage (about 20 per cent of the oil in 
place has been produced), and results are not conclu- 
sive at this time. However, it should be noted that, of 
the six wells that have had gas breakthrough, three 
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occurred after producing only about one-haii of the 
predicted amount of oil and three occurred as predicted. 


REPLY TO F. F. CRAIG, JR. AND R. C. KOELLER 


Craig and Koeller state that Fig. 1 is misleading be- 
cause it does not show that miscible-displacement effi- 
ciency is 100 per cent in the swept portion. We also 
know that miscible-displacement efficiency is essentially 
100 per cent in the swept area. What the miscible-dis- 
placement curves on Fig. 1 show is that in areal models 
miscible displacement contacts only a fraction of the 
model and the size of this fraction is a function of the 
mobility ratio. If the mobility ratio of a miscible dis- 
placement is sufficiently adverse, the recovery curve will 
fall below that for an immiscible gas drive of oil. 


Craig and Koeller note that the data in our Table 1 
do show an effect of rate on breakthrough recovery. 
However, if the entire recovery curves for these experi- 
ments are compared (see Fig. 2 of the paper), there is 
no significant difference in them. This comparison is 
more significant than a comparison of breakthrough re- 
coveries. 


REPLY TO A. L. BENHAM, W. B. GOGARTY 
AND F. H. POETIMANN 


Benham, Gogarty and Poettmann object to our ap- 
plication of conclusions from miscible-displacement 
experiments (two-fluid systems) to the miscible-slug 
process (three-fluid system). The effects of variables 
such as rate and model size should be essentially the 
same for both types of displacement. 

Benham, et al, imply that the fluid system used in 
the laboratory tests was such that a miscible fluid dis- 
placement could occur only over a very narrow range 
of compositions. This is very misleading because es- 
sentially the same calculations and conclusions can be 
made for many crude oil-propane-methane systems (in- 
cluding Pembina crude). In fact, a comparison of the 
ternary phase diagram for the laboratory fluid system 
with phase diagrams for fluids similar to Pembina field 
fluids shows that the two-phase region for the laboratory 
fluids is slightly smaller than for the crude-oil system. 
Therefore, the laboratory fluid system is more favorable 
to the miscible-slug process than the field fluids. 

Benham, et al, state that many of our conclusions 
could have been arrived at by a study of miscible dis- 
placement in slim cores 1- and 10-ft long. This is in 
error. We would have found, for example, that displace- 
ment efficiency in slim cores is rate-sensitive and that, 
therefore, dispersion and diffusion are important. This 
is not the case in areal models. We would find that, to 
scale up from a 1-ft long model to a 10-ft long model, 
we would also have to increase the diameter of the 
model by a factor of 10 and would run at different 
rates in the two models to scale dispersion and diffu- 
sion. This also is not the case in areal models. 


GENERAL COMMENTS 


The gentlemen who discussed this paper have ex- 
pressed strong doubts as to whether various factors 
have been adequately scaled and about the calculation 
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BREAK THROUGH PATTERN 
AFTER INJECTION OF 1.6 
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(10 MD PLUS SANDSTONE) 


BREAK THROUGH PATTERN 
AFTER INJECTION OF 1.0 
PER CENT HV OF SOLVENT 
(10 MD PLUS SANDSTONE) 


Fic. 1—Pemspina DISPLACEMENT IN 
Two 2,560-AcrE 41-SpoT PATTERNS. 


procedure used to apply results from glass-bead models 
to the Pembina field. Certainly not all factors were ex- 
actly scaled and there were approximations in the calcu- 
lation procedure. However, what counts is whether the 
important factors were sufficiently scaled that conclu- 
sions concerning field performance are correct. The 
most important conclusion from this study was that 
small banks will be ineffective due to fingering and 
channeling. 

Since this paper was written, Mobil Oil, Ltd. has 
started injection of a small solvent bank in two large 
patterns in the Pembina field. The early performance 
of these floods is shown in Fig. 1. While the shape of 
the solvent front as shown is schematic, the wells 
shown to have experienced LPG breakthrough have ac- 
tually broken through. After the injection of only 1.6 
per cent HV of solvent in Pattern M-1, LPG break- 
through occurred at six wells, with one breakthrough 
well being about 0.8 mile from the injection well. After 
injection of only about 1.0 per cent HV of solvent in 
Pattern M-2, LPG breakthrough occurred in five wells, 
with one being about 0.7 mile from the injection well. 
This is ample evidence that fingering and channeling far 
in excess of stratification are proving to be a serious 
problem. 


Other field information is now becoming available 
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which supports this conclusion—for example, the full- 
scale miscible-slug project in the Bisti field in New 
Mexico. This project was also started as the result of a 
pilot test in a single, unconfined five-spot pattern. Here 
also, oil recovery from the pilot test was reported to be 
about 50 per cent of the oil in place in the pattern. 
Production and injection data from the New Mexico 
Oil Conservation Commission are plotted on Fig. 2. 
These figures are totals for what is called the “central 
unit”. A 4 per cent HV LPG bank was injected into 
ten 160-acre five-spots. These patterns were surrounded 
by gas- and water-injection wells to confine the area. 
Due to this complication, the interpretation of Fig. 2 is 
difficult. However, since only a small fraction (about 
20 per cent) of the gas injected went into confining 
wells and only a small volume of water (8 per cent 
HV) was injected, the GOR behavior and oil-produc- 
tion-rate behavior are mostly due to the miscible pat- 
terns. Of course, some of the oil produced is due to the 
water flood. While no attempt has been made to analyze 
these data in detail, it is readily apparent that the injec- 
tion of a 4 per cent bank of LPG had only a very 
transient effect on the GOR behavior and oil-produc- 
tion rate for the full-scale project. 
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Improved Bentonite Cements Through Partial Acceleration 


H. J. BEACH 


ABSTRACT 


This paper describes the properties and uses of 
cementitious mixtures containing 10 to 20 per cent 
bentonite and 2 per cent or more sodium chloride. Salt 
additions improve bentonite cement by increasing early 
strength and _ stabilizing viscosity without changing 
thickening time. The volume yield of cement is in- 
creased 20 per cent or more without lowered early 
strength. The unique properties of salt in this type of 
system make savings of more than 10 per cent possible 
where light-weight, low-strength cementitious material 
is adequate to fill behind pipe. The density range of 
these mixtures is 12 to 13 |lb/gal and the filtration rates 
are medium-low, aiding the placement of long columns 
in primary cementing. Where available, sea water is an 
ideal salt source in preparing these slurries. 


INTRODUCTION 


Accelerators increase the rate of cement hydration. 
In speeding reaction with water, they can affect cement 
performance by reducing thickening time and increas- 
ing early strength after set. Accelerators that cause 
both effects can be considered “total”, and those which 
produce only one effect can be called “partial”. 

Materials that act conversely to accelerators are 
retarders, and they also can be total or partial. Partial 
retarders make high-temperature cementing possible by 
prolonging thickening time while impairing early strength 
only slightly. 

Most known accelerators are total. A useful partial 
accelerator would increase strength without altering 
thickening time. This report concerns material combina- 
tions in which a normally total accelerator exerts unique 
partial properties. Utilizing these limited effects im- 
proves bentonite cement. 


SEPARATE EFFECTS OF SODIUM 
CHLORIDE AND BENTONITE ON CEMENT 


Sodium chloride and calcium chloride are commonly 
used in cement, and at low concentrations their effects 
are similar. Ludwig’ studied sodium chloride in API 
Class A and Class E cements.’ Figs. 1 and 2 sum- 
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marize his data taken at 140°F on slurry pumpability 
and early strength. 


Normal water-to-cement ratios are 0.46 and 0.40, 
respectively, for Class A and Class E cements. At 
saturation the salt content is 12 to 14 per cent of the 
weight of cement solids. The illustrations, therefore, 
cover the range of salt solubility in the mixing water. 


The data show that sodium chloride is a total ac- 
celerator of the Class E cement studied over the range 
of solubility. It is total in Class A cement to 6 per cent. 
Above this concentration salt becomes a retarder— 
partial from 6 to 10 per cent and total above. These 
results are general for different brands of Class A 
cement, although the shift from acceleration to retarda- 
tion may occur at different salt concentrations for dif- 
ferent temperatures. The results are specific for the 
Class E brand studied. In discussing his data, the 
investigator emphasized that different Class E cements 
might respond erratically to salt, depending on the 
brand chosen. 


Morgan and Dumbauld’ describe the properties of 
bentonite cement in a paper that is a standard reference 
in using these systems. Bentonite functions in cement as 
an enabling agent; each bentonite addition equal to 1 
per cent of the weight of dry cement makes possible 
the further addition of 4.5 per cent water.* Thus, 
10 per cent bentonite in Class A cement, normally 
slurried neat with 46 per cent water, enables the slurry 
to contain another 45 per cent before settling. Water is 
one of the lightest and cheapest cement extenders; it 
reduces density and cost. Bentonite cements produce 
uniform slurries having low susceptibility to solids 
separation. After set, they offer low resistance to per- 
foration. 
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Fic. 2—Errects or Soptum CHLORIDE ON 
CEMENT STRENGTH AT 140°F. 


These advantages result from a compromise with 
strength supported by classic demonstrations of Farris’ 
showing the strength of neat cement to be many times 
that required to support casing. This compromise has 
received mixed acceptance, varying from regard of 
bentonite cements as fill material to reliance on them 
for competent seals between casing and pay forma- 
tions. In most cases these slurries are followed by a few 
hundred cubic feet of neat cement for added strength 
around the lower end of casing. 

Bentonite, in adding sodium ions to cement, ac- 
celerates it. Partial evidence of this comes from observed 
thickening-time decreases resulting from additions. But 
bentonite can be considered a total accelerator although 
the effect on strength is obscured by the dilution of 
accompanying water. 

As bentonite and water are added to a cement slurry, 
the strength developed after set declines uniformly 
as shown in Fig. 3. At some concentration, the strength 
of the mixture falls below a minimum value acceptable 
to the user; this is the practical limit of adulteration. 
A widely accepted limit for this is 500 psi after 24 
hours’ aging at low temperature (100° to 120°F). This 
strength limitation is recognized, although individual 
opinion may set it higher or lower. Thus, a slurry con- 
taining 10 per cent bentonite and 90 per cent water 
has about the limit of adulteration possible before 
falling below the 500-psi strength specification. This 
dilution in sacrificing surplus strength reduces density 
to 13.2 lb/gal, a 2.5-lb/gal reduction from neat Class 
A cement containing 46 per cent water. 


Bentonite additions thicken, accelerate and severely 
restrict admixed cements unless they are co-additive 
with a dispersing and retarding agent. Calcium ligno- 
sulfonate universally serves this dual purpose. Strength 
tests at 100°F on bentonite cements containing varied 
amounts of this retarder would produce a family of 
curves similar to that of Fig. 3. All members would 
fall under the base curve shown and would lie below 
minimum strength specification at the 10 per cent 
bentonite, 90 per cent water composition. However, 
retarded compositions in practice are used at higher 
temperatures that would increase strengths to or above 
the minimum. Therefore, Fig. 3 is simply representa- 
tive of the strength decline occurring with bentonite 
additions. A minimum strength specification sets a 
maximum bentonite content. 


Bentonite intensifies high-temperature-induced retro- 
gression of cement strength. This strength loss during 
prolonged aging at extremely high temperature is 
inherent in all cements; when it further weakens a 
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material at a low basic strength level, the only remedy 
is to restrict permanent placement of bentonite cements 
to safe temperatures. The work of Carter and Smith’ 
suggests the safe maximum to be about 230°F. How- 
ever, this leaves a wide range for advantageous ap- 
plication of bentonite cements. 


COMBINED EFFECTS OF SODIUM 
CHLORIDE AND BENTONITE ON CEMENT 


The effects on 24-hour strength of varied concen- 
trations of sodium chloride were studied for bentonite 
additions of 12, 16 and 20 per cent to API Class A 
cement. The water contents were adjusted so that 
the slurries contained 46 per cent by weight of the 
cement and additional 4.5 per cent quantities for each 
1 per cent bentonite. Following this formula, the 16 
per cent slurries contained 16 gm of bentonite and 
118 gm of water/100 gm of cement. 

Fig. 4 shows the results for the 16 and 20 per cent 
compositions that contained 0.2 per cent calcium ligno- 
sulfonate. Test specimens were cured at 110°F under 
1,600-psi pressure. Sodium-chloride additions from 0.5 
to 5.0 per cent nearly doubled the 24-hour strengths. 
Above 5 per cent, the strengths decreased with ap- 
proach toward saturation. Spot checks at saturation 
showed strength had fallen below the base values for 
slurries containing no salt. 


Standard API consistometer tests were conducted 
on the 16 per cent retarded bentonite-cement slurry at 
several sodium-chloride concentrations over the range 
of accelerated strength shown in Fig. 4. The tests 
simulated the setting of casing at 3,000 ft where the 
bottom-hole static .temperature is 125°F, circulating 
temperature is 97°F, and the bottom-hole pressure is 
2,000 psi. All mixtures contained 0.2 per cent calcium 
lignosulfonate, the usual retarder requirement when 
conventional bentonite cements are used under these 
conditions. 


Fig. 5 shows the results of these tests. Except for 
a very slight drop at low concentrations, there is no 
change in thickening time until 5 per cent sodium 
chloride is exceeded. The stability of thickening times 
between the 2.0 and 5.0 per cent salt additions are 
especially significant; these are virtually identical with 
the time obtained for the mixture containing no salt. 

The combined results from the strength and thicken- 
ing-time tests indicate sodium chloride to be a partial 
accelerator of bentonite cement in concentrations rang- 
ing from about 0.5 to 5.0 per cent. Strengths are sub- 
stantially increased without change in fluidity. Based 
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on the bentonite parameter, similar results were ob- 


tained for 12 and 20 per cent slurries, retarded and 
nonretarded. 


The effects of sodium chloride on viscosity 15 and 
45 minutes after initial mixing are shown in Fig. 6 
for the 16 per cent bentonite cement. The values were 
taken during thickening-time tests and fix the general 
effect of sodium chloride as viscosity reduction. At 
salt contents between 2 and 4 per cent, the reduction 
persists over a considerable portion of the time re- 
quired to position cement in oilwell operations. This 
is a departure from the slurry behavior of non-salt 
bentonite cement. The data show a 10-poise viscosity 
rise between readings for the mixture containing no 
sodium chloride, with smaller increases as the salt con- 
tent rises. Although a further water addition will re- 
duce an initial viscosity in the lower range, a salt 
increase to 2 per cent is necessary to stabilize it. The 
optimum salt concentration lies between 2 and 3 per 
cent. Viscosity stability permits lower pump pressure 
with faster displacement. 


Bentonite reduces the filtration rate of cement; cal- 
cium lignosulfonate, when co-additive, further reduces 
it. A mixture of AP] Class A cement containing 16 
per cent bentonite, 0.6 per cent calcium lignosulfonate 
and 2.0 per cent sodium chloride had an API fluid 
loss of 140 cc under a pressure differential of 1,000 
psi. Based on filter-cake thickness, this is equivalent to 
a 70-cc loss from neat cement. Differences in filter- 
cake thicknesses from slurries of different compositions 
but equal water losses are functions of the water-to- 
solids ratios. These amounts of filtrate can be described 
as medium-low. They probably are low enough to aid 
the placement of a long cement column against a high- 
porosity formation where neat, high-filtration-rate ce- 
ment builds thick filter cake that chokes the annulus. 
Bentonite cements containing sodium chloride can also 
be treated with the new fluid-loss additive described by 
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Stout and Wahl’ to produce slurries with exceptionally 
low filtrate rates. This new additive can be used with 
or as a substitute for the normal lignin dispersant. 


APPLICATION 


The savings using the improved slurries described 
average 10 per cent of the cost of non-saline bentonite 
cements of lower volume yield, higher density and 
equal strength. The saving results from a slurry volume 
increase sufficiently large to overcompensate for the 
added cost of extra bentonite and salt. However, as 
bentonite contents are increased beyond 16 per cent, 
the additional saving is less in proportion to slurry 
volume increase. For example, assuming a price of 
$1.00/sack of Class A cement, 1 cu ft of non-saline, 
10 per cent bentonite cement containing 0.2 per cent 
dispersant costs $0.94; an equal volume of 16 per 
cent saline slurry of equal strength costs $0.84, and 
the 20 per cent slurry costs $0.80. The diminished sav- 
ing results from pricing policies on bentonite followed 
by cement service companies. The saving between 16 
and 20 per cent is subjected to other diminished returns 
not shown in this cost comparison. At the higher ben- 
tonite content, strengths are lower and more dispersant 
is usually required to control thickening time. For 
these reasons it is recommended that slurries improved 
by the partial acceleration of sodium chloride contain 
16 per cent bentonite. 

API Class C cements, where available, provide the 
most economical application of the principles of partial 
acceleration. Only one brand of this class has been used 
extensively, making more general usage subject to 
further laboratory testing. 

The data used to demonstrate the partial accelera- 
tion by sodium chloride were taken with mixtures that 
contained 4.5 parts extra water for each part bentonite 
by weight. This would be the optimum ratio if salt 
were not present. For slurries based on Class A cement 
containing 2 to 3 per cent sodium chloride, a more 
satisfactory ratio is 4.3:1. In Class C cement with the 
same salt range, bentonite additions enable a ratio 
of 5.0:1. Table 1 shows the compositions, densities 
and volumes of these slurries. The densities range from 
12.1 to 12.6 lb/gal. 

The viscosity effect of sodium chloride on bentonite 
cement is principally a reduction in yield point. This 
alters the appearance of the slurries when they are 
field-mixed. There is little visual evidence that benton- 
ite is present, and there is a strong tendency to adjust 
controls to decrease their water contents to produce 
slurries that have the look of non-saline bentonite 
cement. This should be countered by relying on con- 
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tinuous density measurements. In spite of a watery ap- 
pearance, slurries in the composition ranges suggested 
show no tendency to settle. The reduction in yield 
point has the advantage of speeding mixing. In a recent 
application, 1.2 Mcf of slurry were mixed in less than 
nine minutes. 

Sodium chloride can be used to control viscosity. 
When higher concentrations of dispersant are required 
for higher temperatures, the slurries become very thin 
if the salt content is held at 3.0 per cent. Viscosities 
can be restored to more desirable values by decreasing 
the accelerator within the optimum range. Table 2 
reflects the adjustments. Shown are 16 per cent slurries 
which were prepared in various brands of Class A and 
in one brand of Class C cement with water contents 
as defined previously. The principal data contained are 
thickening times obtained from tests which simulated 
the setting of casing at various depths. These tests 
were conducted according to API RP JOB, which fixed 
standard temperatures for each test depth. The static 
formation temperature associated with 10,000 ft is 
230°F, the limiting temperature chosen earlier for per- 
manent bentonite-cement placement. Naturally, these 
slurries can be used at greater depths so long as the 
restricting temperature is not exceeded. 


In recommendations, practice has been to require 
three hours’ pumpability of these slurries in tests which 
simulate conditions of use where the job size ranges 
from 1 to 2 Mcf. Jobs larger than 2 Mcf thus far 
have received recommendations on an individual basis. 


Generally, bentonite used in cement must be high 
in quality and free of enriching additives which can 
produce unexpected deleterious effects. Specifically, it 
should pass specifications set both in API Standard 
10A Quality becomes increasingly important as the 
bentonite content of a slurry is increased. 

Sea water contains about 3 per cent sodium chloride 
and many lesser constituents. Where readily available, 
it is the natural mixing water for bentonite cement. 
Tests yield similar results, with respect to partial ac- 
celeration, when sea water is used to prepare bentonite 
cement and when optimum salt is added to slurries 
prepared in fresh water. 


FIELD USE 


Sixteen-per cent bentonite cements made from both 
Class A and Class C materials have been used to set 
casing in 39 wells in West Texas. The prime reasons 
for use were to achieve lower cost and to prevent loss 
of cement to thief zones. Field reports indicate satis- 
factory results. Only one job experienced lost circula- 
tion during cementing. The same compositions have 
been successfully used for cementing casing in five 
wells in the Hobbs, N.M., and Kermit, Tex., areas. 
Use of this light-weight slurry has reduced loss of 
cement to thief zones and has resulted in an ap- 
preciable reduction of cementing costs. 


Sixteen-per cent Class C slurries were used in two 
wells in the Texas Panhandle. In the first well, 7-in. 
casing was set at 11,440 ft using 870 cu ft of bentonite 
cement with a 200-sack neat tailout. A 3,000-ft interval 


TABLE 1—COMPOSITION AND PHYSICAL PROPERTIES 
OF BENTONITE CEMENTS CONTAINING SALTS 


Class Per Cent Per Cent Density Sack 
Cement Bentonite Water (Ib/gal) (cu ft/sack) 
A 16 115 12.62 2.32 
A 20 132 12.30 eae, 
(e 16 136 12.10 2.67 
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TABLE 2—THICKENING TIMES OF 16 PER CENT BENTONITE CEMENT 


API Time to 
Class Per Cent Per Cent Calcium Casing-Setting 100 Poise 
Cement Salt Lignosulfonate Depth (ft) (minutes) 
A 3.0 0.20 6,000 115 
A 3.0 0.40 6,000 208 
A 3.0 0.40 8,000 118 
A Pets) 0.60 8,000 324 
(e 3.0 0.20 3,000 197 
(e 3.0 0.40 6,000 193 
A 2,5. 0.80 10,000 188 
A 2.0 1.00 12,000 180 + 


was covered, and the later well completion indicated 
a good job. In the second job, 5%2-in. casing was set 
at 8,804 ft using 1,070 cu ft of bentonite slurry with 
a 100-sack tailout. Circulation was lost during the job 
and later completion indicated communications. 


This cement has been applied to about 25 jobs of 
surface casing in Mississippi, primarily to obtain re- 
duced cementing costs. Large slurry volumes have fea- 
tured these jobs partly due to hole washout. The im- 
proved slurries have been regarded primarily for fill 
in this area and usually have been followed with enough 
neat cement to give a 200-ft tailout. 


CONCLUSION 


1. Sodium chloride increases the strength of ben- 
tonite cement in concentrations from 0.5 to 5.0 per 
cent based on the weight of cement solids. In the range 
from 2 to 5 per cent, it has no effect on thickening 
time. 


2. Sodium chloride in the optimum 2 to 3 per cent 
concentration stabilizes slurry viscosity at low values 
for extended periods prior to initial set. 


3. The partial acceleration effects of sodium chloride 
can be utilized in API Class A and Class C cements to 
increase slurry specific volumes sufficiently to effect 
savings of 10 per cent or more compared to other 
light-weight mixtures of equal strength and higher 
density. 


4. Cements containing sodium chloride and 16 per 
cent bentonite have medium-low fluid losses. These are 
further reduced by calcium lignosulfonate and com- 
patible water-loss additives. 


5. These compositions have performed successfully 
in a wide variety of applications. 
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ABSTRACT 


Various factors must be considered in an engineering 
evaluation of gravity-drainage reservoirs. Among these 
are: (1) the effect of producing rate on total oil re- 
covery; (2) the effect upon well productivity and ulti- 
mate recovery of the pressure level maintained during 
the producing life of the reservoir; (3) the economic 
advantage of full or partial pressure maintenance; and 
(4) estimate of the rate of gas production and injection 
and the possible purchase of gas under conditions of 
full pressure maintenance to ascertain compressor fa- 
cilities needed. All of these factors can be evaluated 
only when a reliable method is employed for determin- 
ing reservoir performance in gravity-drainage reservoirs. 


The purpose of this paper is to present a general 
method for calculating the performance of a gravity- 
drainage reservoir. This method is applicable for con- 
ditions of complete pressure maintenance, partial pres- 
sure maintenance and normal pressure depletion. Pro- 
visions are made to take into account variations 
throughout the reservoir of reservoir configuration, 
changes in permeability and fluid composition. 

Based on the method presented in this paper, an 
IBM 650 computer program has been developed. The 
past performance of an actual gravity-drainage reservoir 
producing under conditions of declining pressure and 
no gas injection was duplicated using this program. 


INTRODUCTION 


In tilted reservoirs the production of oil is influenced 
by drainage of oil from upstructure to downstructure 
locations. When this downstructure drainage of oil is 
sufficient to cause effective segregation of the gas and 
oil in a reservoir, the reservoir is usually classified as 
a segregation drive or gravity-drainage reservoir. (Dis- 
cussion will be restricted to gravity-drainage reservoirs 
which have no encroachment of edge water.) The im- 
portant feature in gravity-drainage reservoirs is the 
density difference between reservoir oil and gas. These 
phases tend to segregate in the reservoir with the result 
that in the gas cap the oil saturation is maintained 
at a higher level by drainage of oil from the gas-cap 
area. Oil can be produced from the oil zone at a low 
gas-oil ratio and reservoir energy is thereby conserved. 

The standard material balance in not adequate for 


predicting gravity-drainage reservoir performance be- 
cause it does not take into account the difference in 
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saturation above and below the gas-oil contact. Several 
authors’* have presented methods for calculating the 
performance of gravity-drainage reservoirs in which 
reservoir pressure is maintained constant by gas injec- 
tion into the gas cap. Using some simplifying assump- 
tions, these methods can be employed with a desk 
calculator to give acceptable results. The problem of 
predicting the performance of gravity-drainage reser- 
voirs under the conditions of declining reservoir pres- 
sure is many time more complex than that of constant 
pressure. Therefore, attempts to develop a method 
suitable for desk calculation have required excessively 
simplified assumptions. In the past several years, high- 
speed digital computers have become more widely 
available for reservoir engineering problems. These com- 
puters are well suited to problems such as the predic- 
tion of the performance of gravity-drainage reservoirs 
with pressure decline. Many of the simplifying assump- 
tions necessary for hand computation can be eliminated 
so that a realistic approach to the gravity-drainage 
process can be made. 


CONCEPTUAL PICTURE OF OIL MOVEMENT 
IN GRAVITY-DRAINAGE RESERVOIRS 


Before attempting to develop an analytical treatment 
for conditions occuring in a gravity-drainage reservoir, 
a concept should be formed concerning the movement 
of fluids in the reservoir as oil is produced. 


A review of the literature’* shows that it is custo- 
mary to classify gravity-drainage operations into two 
categories—(1) with complete pressure maintenance, 
and (2) with declining pressure. The same line of 
reasoning will be followed in presenting the concept 
of the movement of fluids in the reservoir because it 
is easier to visualize the movement of fluids under 
conditions of complete pressure maintenance. After 
discussing complete pressure maintenance, an analogy 
will be made between that and the case of declining 
pressure. It should be kept in mind throughout that 
the final aim for the problem of solving gravity-drainage 
performance with digital computers will be to develop 
a general program for any kind of gravity-drainage 
reservoir. 


COMPLETE PRESSURE MAINTENANCE 

One feature which is generally common in gravity- 
drainage reservoirs is a gas cap located at the top of 
the structure. This is shown in Fig. 1(a). Fig. 1(b) 
shows oil saturations that might occur through the 
reservoir. In the gas cap, oil saturation is lower than 


1References given at end of paper. 
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in the oil column. The oil column and gas cap are 
separated by the gas-oil contact (a zone in which oil 
saturation changes rapidly with distance). Under the 
condition of complete pressure maintenance, sufficient 
gas is injected into the gas cap to maintain a constant 
gas-cap pressure. As a result, no gas saturation develops 
in the oil column, and all of the oil produced comes 
from the downward movement of the gas-oil contact. 


Fig. 2 illustrates reservoir conditions after the reser- 
voir has been produced for some time.* 


As a result of production of oil from the oil column, 
oil drains downstructure, and the gas-oil contact moves 
from Position A to a new Position B. The movement 
of the oil as it drains downstructure is governed by 
the pressure gradient that develops in the oil column. 
Fig. 2(c) shows a static pressure distribution as a 
solid line and the flowing pressure distribution as a 
dashed line. Under the conditions of constant produc- 
ing rate, the pressure gradient will assume a “stable” 
value after a certain period of production. At that time 
all of the oil produced comes from the frontal-type 
displacement. Until the “stable” pressure gradient is 
achieved, part of the oil produced comes from ex- 
pansion of the oil column in going from the initial 
pressure distribution to the “stable” conditions. 


The liquid saturation distribution, average liquid 
saturation above the gas-oil contact and the rate of 
advance of the gas-oil contact can be determined for 
a uniform reservoir in a manner described by Shreve, 
et al.’ This method is based on determining the oil flow 
rate (at a stated total flow rate) for any given gas 
saturation. For a given value of total flow rate (e), the 


*Wells completed through the gas-oil contact can either be pro- 
duced to an economical gas-oil ratio limit or shut-in as the gas-oil 
contact reaches them. This factor will be determined by local cun- 
ditions and completion practices, 
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value of oil flow at various saturations is determined 
by means of Eq. |. 
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The curve in Fig. 3 shows the variation of oil flow 
rate with gas saturation for a total flow rate equal to 
(e,),. The average saturation above the gas-oil contact 
is obtained by drawing a line from the point of zero 
gas flow [i.e., from (e,), and S,,] tangent to the curve, 
and finding its intersection with the abscissa. The aver- 
age gas saturation found in this manner is labelled as 
(A) in Fig. 3. The rate of advance of the gas-oil 
contact (Point B) is obtained by measuring the slope 


de, 
of the tangent line and then using this value for ( “ ) 


in the following Eq. 2. 


( 
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For a reservoir having constant dip, cross-sectional 
area and thickness, with uniform rock and fluid prop- 
erties, and having the oil production confined to the 
area below the gas-oil contact, constant-pressure gravity- 
drainage performance can be calculated using Eqs. i 
and 2. A method similar to this was described by 
Stewart, et al.’ In an attempt to compensate for varia- 
tions in reservoir properties throughout the reservoir, 
Stewart made adjustments in the equations for the 
variation of fluid and rock properties at different posi- 
tions of the gas-oil contact during the life of the reser- 
voir. New values for the average gas saturation above 
the gas-oil contact were calculated at different positions 
in the reservoir. The proper position of the gas-oil con- 
tact at a certain time was obtained by adjusting its 
position so that the change in oil content behind the 
front was equal to the oil produced. 


In most reservoirs, variations in reservoir configura- 
tion, producing rate with time, and fluid properties and 
rock properties with structure are common rather than 
the exception. As a result, the method outlined by 
Stewart is inadequate, except qualitatively to determine 
the relative importance of gravity in a particular reser- 
voir. 


Welch and Shreve* and Essley, et al,’ have presented 
methods which provide for variations in reservoir 
properties. In contrast to the idea of using the average 
saturation above the gas-oil contact as determined 
in Fig. 3, they used the rate of advance of various 


equal to (5), 


(B)=GAS-OIL CONTACT 


(A) = AVERAGE GAS 
SATURATION ABOVE 
GAS-OIL CONTACT 


OIL FLOW RATE 


i} 

A 100% 
GAS SATURATION 


Fic. Fiow Rate vs Gas SATURATION. 


JOURNAL OF PETROLEUM TECHNOLOGY 


O 100% 
= 
\ 
\ 
\ 
\ 
OIL O 
928 


Saturations above the gas-oil contact. Welch and Shreve 
divide the reservoir into a series of assumed isotropic 
segments, of different volumes and properties, and 
determine the location of all saturation in these blocks 
to arrive at an average saturation above the gas-oil 
contact. Essley, et al, use average properties for the 
depth interval studied in each individual time-step cal- 
culation, find the saturation distribution with these 
average properties and then get the average satura- 
tion above the gas-oil contact. In all developments pre- 
sented to date, the reservoir pressure is considered 
constant; therefore, no variation in fluid properties 
with time occurs. As a consequence, the value of total 
flow rate at the gas-oil contact (e in Eq. 1) is the 
sum of all producing rates below the gas-oil contact. 


DECLINING PRESSURE 


Declining gas-cap pressure occurs because either no 
gas is injected into the gas cap or the amount injected 
is insufficient to maintain pressure. As soon as the 
pressure declines to the bubble point at some position 
in the oil column below the gas-oil contact, gas will 
come out of solution and tend to migrate in the reser- 
voir. If the pressure gradient in the oil column is 
exactly equal to the hydrostatic gradient of the gas, 
gas that is evolved would not move up or down. It 
seems highly unlikely that this condition would ever 
occur at all points in the oil column. Even though it 
did occur at the one particular time, the flowing pres- 
sure gradients will continually change with time so 
that free gas would eventually migrate either up or 
downstructure. Fig. 4 illustrates a reservoir produced 
under conditions of declining pressure to a point where 
free gas exists at all points throughout the oil column. 


The conditions depicted are for a flowing pressure 
gradient in the oil column which will allow migration 
of free gas into the gas cap. In a sense, then, this 
is a ‘built-in” partial pressure-maintenance system be- 
cause part of the free gas, instead of being produced, 
will migrate into the gas cap. The condition of oil 
flow downdip and gas flow updip is herein called 
“counter-flow.”” Under the conditions where the “gravity 
reference rate”* is exceeded, the pressure gradients 
at the gas-oil contact will be such that free gas would 
tend to migrate downdip into the oil column. 

The total oil produced during the time interval the 
gas-oil contact moves from A to B in Fig. 4 comes 
from a combination of drainage from above the gas- 


*The ‘“‘gravity reference rate” is defined as the rate at which oil 
will drain downdip with a pressure gradient equal to the density 
difference between the oil and gas phases. 
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oil contact, frontal displacement at the gas-oil contact 
and a decrease in oil content in the oil column. Under 
normal processes where gravity drainage is not effec- 
tive, oil production causes a decrease in the oil satu- 
ration in the oil column. In reservoirs having condi- 
tions favorable for gravity drainage, the oil saturation 
in the oil column throughout the life of the reservoir 
remains at a high level as a result of drainage. Con- 
sequently, oil can be produced at a low gas-oil ratio. 
In the event that the amount of drainage occuring 
is not a significant part of the total production, much 
of the oil is produced by pressure depletion which 
decreases the oil content of the oil column, resulting 
in a constantly increasing gas-oil ratio. 

The movement of the gas-oil contact and the dis- 
placement efficiency for specified reservoir oil and gas 
flow rates can be determined by the method described 
by Welch and Shreve.’ In the case of constant-pressure 
operations, the displacement efficiency is specified by 
the oil-production rate below the gas-oil contact since 
efficiency of displacement at the gas-oil contact is 
determined by the total flow rate at that point. In the 
case of declining pressure, the conditions of flow at 
the gas-oil contact are not directly related to oil produc- 
tion below the gas-oil contact. This problem represents 
a major difficulty in solving declining-pressure gravity 
drainage performance. The over-all problem of gravity 
drainage with declining pressure is to relate the amount 
of oil drainage from the upstructure locations to the 
total production from the reservoir. Therefore, the 
problem of predicting declining-pressure gravity-drain- 
age performance can be determined only when the 
movement of oil and gas throughout the reservoir and 
the movement of gas-oil contact are incorporated as 
an integral part of the solution. 

Based on the concepts which have been discussed, 
a method will be presented for calculating the per- 
formance of gravity-drainage reservoirs with or without 
pressure maintenance. The following sections contain 
the assumptions used in developing the prediction 
method, the details of the method of solution and 
results of calculations made to predict the performance 
of an actual gravity-drainage reservoir produced with 
declining pressure. 


DEVELOPMENT OF THEORY 


ASSUMPTIONS 


The following assumptions were used in developing 
the method for calculating the performance of gravity- 
drainage reservoirs. 


1. The flow of oil and gas is parallel to the dip 
of the reservoir. 


2. The flow of oil at the gas-oil contact is always 
downdip. 


3. A gas cap exists at the start of calculations. 


4. The effect of capillary pressure can be neglected 
in calculating oil and gas flow rates above and below 
the gas-oil contact. 


5. Connate water does not flow. 
6. There is no water influx. 


7. There is no variation of pressure with position 
in the gas cap. 


8. The reservoir can be represented by a series of 
horizontal blocks, in which average values of pres- 
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sure and saturation in the block are satisfactory ap- 
proximations of actual values at the average level of 
the block. In addition, fluid and rock properties and 
reservoir properties are constant within the block. 


DESCRIPTION OF RESERVOIR GEOMETRY 


Fig. 5 shows a three-dimensional view of a segment 
of the “average” reservoir. 


Fig. 6(a) shows a vertical cross section of this seg- 
ment and illustrates how fluids could be distributed 
throughout. 


Because of the tendency of fluids to seek their 
own level, the gas-oil contact is assumed to be horizon- 
tal. It is assumed that there will be no change in pres- 
sure with distance in the gas cap; therefore, the pres- 
sure at all points on the gas-oil contact will be constant. 
Since all flow is assumed parallel to the dip of the 
structure, lines of equal pressure will be horizontal. 
Therefore, for the purpose of mathematically expressing 
the flow of oil and gas, the reservoir will be divided 
into horizontal sections similar to that shown in Fig. 
6(b). The width of an individual block is considered 
constant and the three-dimensional view of the reser- 
voir will be a series of parallelepipeds. 


Although the reservoir characteristics and fluid prop- 
erties are assumed uniform within a given block, varia- 
tions may occur between blocks. 


In developing equations for the flow of fluids in 
the reservoir, the geometric model which is divided 
into horizontal blocks will be separated into three 
regions as shown in Fig. 6(b). The reason for this break- 
down is as follows. 


Zone I (All Blocks Above the Block Containing the 
Gas-Oil Contact) 


In this region the potential force causing oil flow 
will always equal the head of the oil column since, 
according to Assumption 7, there is no difference in 
pressure with position in the gas cap. Therefore, an 
equation describing a material balance of the oil can 
be solved directly to determine the change in saturation 
during a given time interval. This equation takes into 
account the flow of oil in and out of the block and 
the oil production from the block. 


Zone III (The Blocks Below the Block Containing 
the Gas-Oil Contact) 


For blocks in this region, it is necessary to relate 
the change in saturation and pressure with time. In 
this region material balances for both the oil and gas 
must be written because two unknowns (pressure and 
saturation in the block) are involved. These equations 
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must take into account the flow of oil and gas in and 
out, and the production of both phases from that 
block. 


These three zones (I, II and III) will be tied together 
by the flow of oil and gas occurring at the zone 
boundaries. 


MOVEMENT OF THE GAS-OIL CONTACT 


One of the most sensitive factors in predicting 
gravity-drainage performance is that of describing the 
movement of the gas-oil contact. Although this contact 
(the zone where the changes in gas saturation with 
distance are the greatest) has a finite length, it is as- 
sumed to have zero length as an expedient to mathe- 
matical handling. This assumption is justified by the 
fact that the actual oil volume included within this 
zone is very small compared with the oil in place in 
the reservoir. Only when the correct value for the 
rate of advance or movement of the gas-oil contact 
is used will the saturations and flow conditions above 
and below the gas-oil contact satisfy the necessary 
mathematical equations, i.e., the equations of con- 
tinuity and Darcy’s law. 


Based on the assumption that oil flow at the gas- 
oil contact will always be downdip, the amount of 
free gas flowing across the gas-oil contact and its direc- 
tion of flow will determine the efficiency of displace- 
ment occuring and the proper procedure to be used 
in predicting movement of the boundary. The following 
conditions of gas flow can occur: (1) no flow of free 
gas (i.e., the gas saturation is less than the critical gas 
saturation); (2) free gas flow downdip; and (3) free 
gas flow updip into the gas cap. The procedure for 
calculating the rate of advance of the gas-oil contact 
for any situation in these three categories is given by 
Welch and Shreve.’. 


DEVELOPMENT OF IBM 650 PROGRAM FOnK 
DETERMINING PERFORMANCE OF 
GRAVITY-DRAINAGE RESERVOIRS 


The prediction of the performance of gravity-drain- 
age reservoirs must take into account the flow of oil 
and gas at all points throughout the reservoir while 
simultaneously satisfying the equation of continuity. 
Because the equations relating the flow of oil and gas 
and the equation of continuity are nonlinear partial dif- 
ferential equations,* an analytical solution is impossible. 
Therefore, an iterative-type process is used to determine 
the variation of pressure and saturation with time at 
any point in the reservoir. The numerical expressions 
consist of material-balance equations (gas and oil) 
for each block in the reservoir and Darcy’s law to 
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describe the flow of oil and gas into and out of the 
individual blocks. These equations involve unknown 
values of pressure and saturation at the end of one 
time interval in the future; hence, numerous iterative 
processes are used to determine the change of these 
factors as a function of time and position. 


SOLUTION OF EQUATIONS GOVERNING FLOW 
OF OIL AND GAS WITHIN THE RESERVOIR 

Fig. 7 is a flow diagram showing the sequence of 
operations involved in obtaining saturations and _pres- 
sures throughout the reservoir. The solution of these 
equations is dependent on the value of (e,,);,, the 
reservoir oil flow rate immediately below the gas-oil 
contact at the end of the time interval chosen. A dis- 
cussion of how to determine the correct value for 
this variable will be given in the next section. 


Calculations for Blocks in Zone I 


The gas saturations in the various blocks in Zone 
I are determined by Eq. 4 of the Appendix. A value of 
the change in gas-cap pressure during the future time 
interval considered is estimated to account for the 
shrinkage of oil and the amount of gas evolved during 
this time interval. This estimated value is improved 
by an iterative process. When the calculations for 
Zones I and II are completed, the value for change 
in gas-cap pressure used to calculate saturations will 
be a good approximation of the actual change in pres- 
sure. This iteration will be discussed at the end of the 
section dealing with calculations for Zone II. 


Calculations for the Block in Zone II 


The calculations performed for Zone II, the block 
containing the gas-oil contact, consist of determining 
(1) the movement of the gas-oil contact during the 
interval, (2) the average saturations above and below 
the gas-oil contact at the end of the time interval, (3) 
the gas-cap pressure and (4) the pressure in the top 
or first block in Zone III at the end of the time inter- 
val. 


The determination of these factors involves estimates 
based on extrapolations of calculated results from prior 
time intervals. By use of numerous interrelated iterative 
processes, the estimated values of each of the unknown 
factors are refined. The process used to determine 
these factors is as follows. 


Step 1—Using an estimated value of (S,,),. the gas 
saturation in Zone II below the gas-oil contact at the 
end of the time interval considered and the estimated 
value of (e,;)i, the distance moved by the gas-oil 
contact during the time interval (t to t+ 1) is calcu- 
lated. 

Step 2—Calculate the gas saturation im Zone II 
above the gas-oil contact. This is calculated from Eq. 
7 (in the Appendix) and the positions of the gas-oil 
contact. 

Step 3—Knowing the gas saturation above the gas- 
oil contact in Zone II and the gas saturation in Zone 
I, the value of (p,.) 1s: is determined using a material 
balance on the gas in the gas cap (Eq. 8 in the Ap- 
pendix). 

Step 4—A simultaneous solution of Eqs. 9 and 12 
(in the Appendix), material balances on the oil and 
gas phase in Zone II below the gas-oil contact, deter- 
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mines the value for (S,,),,. and the pressure in the 
first block of Zone III. The method of solution of these 
equations (described in the Appendix) is an iterative- 
type process which converges to a consistent solution 
based on an estimated value of 


The actual solution in Step 4 involves not only Eqs. 
9 and 12, but also, for each refined value of (S,,).,; 
used, Steps 1 through 3 are repeated. 


Therefore, at the end of the calculations for Zone 
II, the values determined are only a function of the 
estimated value of (@,;) 


Calculations for Blocks in Zone II 


Starting at the top block in Zone III (for which 
the value of pressure at the end of the time interval 
has been determined by calculations from Zone IL), 
the value of the gas saturation at time (f+ 1) is 
determined by Eq. 13 of the Appendix (a material 
balance on the gas content of the block). The solution 
of this equation is dependent on the value of the 
pressure in the next lower block; therefore, an iterative 
process like that used to determine (S,,),,, is used. 
The value of this assumed pressure in the next block 
is determined from Eq. 16 of the Appendix (a material 
balance on the oil) using the value of gas saturation 
calculated from the gas balance. Iteration is continued 
until the guessed and calculated values of pressure 
in the next lower block agrec. 


The process just described is continued on down 
through Zone III until the gas saturation in the next 
to the bottom block is determined by iterating on the 
pressure in the bottom block. At this point, a slightly 
different procedure is followed in determining the 
gas saturation in the bottom block. 

Eq. 13 is used in all blocks in Zone III to determine 
the gas saturation. For the bottom block, this equa- 
tion must be altered slightly to take into account the 
boundary conditions of no flow at the bottom of the 
reservoir. By eliminating these terms describing the 
flow of oil and gas at the lower boundary from Eq. 13, 
the gas saturation in the bottom block can be obtained, 
since the pressure and flow of oil and gas into the block 
are known from the block above. Instead of solving 
the oil balance on this block to determine the pressure 
in the next block, the material balance is re-arranged 
to determine the amount of oil which would migrate 
over the lower boundary of the reservoir. (The sig- 
nificance of the term representing a migration over the 
lower boundary will be discussed in the section which 
follows.) This material balance is given by Eq. 17 of 
the Appendix. 


DETERMINATION OF PROPER VALUE OF OIL 
FLOW RATE AT THE GAS-OIL CONTACT 

In the previous section, the procedure is outlined 
for determining the saturations and pressures through- 
out the reservoir based on an assumed value of (e,;) 14; 
the value of the oil flow rate at the gas-oil contact at 
reservoir conditions at time (¢ + 1). For any assumed 
value of (@,,).,:, unique values of saturation and pres- 
sure can be calculated throughout the reservoir at the 
end of the time interval. Since there can be only one 
correct value of (e,,);:,,, the choice of the proper one is 
determined by the last item discussed in the previous 
section, i.e., the calculated amount of oil migrating 
Over the bottom boundary of the reservoir. Unless 
the amount of oil migrating over the bottom boundary 
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is zero, the value of (eé,,;)1,, assumed is not correct. 
Fig. 8 shows the iteration process involved in deter- 
mining the value of (e.,):,. to be used to give the 
proper distribution of saturation and pressure through- 
out the reservoir at the end of the time step. 


GENERALIZATIONS IN IBM PROGRAM 
FOR SPECIFIC CASES 

The procedure just outlined and shown in Figs. 7 
and 8 is for the most general case, that is, for declining 
pressure where both pressure and saturation vary with 
time. The IBM program that has been written in accord- 
ance with this diagram contains short-cuts to simplify 
calculation procedures for the case of constant-pressure 
operations where there is no gas saturation developed 


‘below the gas-oil contact. As an example, in calculating 


the gas saturation below the block containing the gas- 
oil contact, a check is first made to determine whether 
the pressure at the end of the time step is above the 
saturation pressure of the fluid in that block. If it is, 
the procedure of guessing the pressure in the next lower 
block is eliminated and a material balance on the oil 
can be written to give the pressure at the end of the 
time interval in the next block. There will be no gas 
saturation in the block in question because the liquid 
would be undersaturated. This same line of reasoning 
can also be applied to calculations for the block con- 
taining the gas-oil contact, since the liquid phase im- 
mediately below the gas-oil contact can be undersatu- 
rated. 
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APPLICATION OF THEORY TO ACTUAL 
RESERVOIR PREDICTIONS 


To determine the applicability of the method devel- 
oped for predicting the performance of gravity-drainage 
reservoirs, the IBM 650 program written using this 
theory was used to calculate the performance of an 
actual reservoir. The reservoir chosen was a volu- 
metric gravity-drainage reservoir that has been produced 
without gas injection. The field is located in East Texas 
and is a dome-type structure overlying a deep salt 
plug, with production from the Woodbine sand. 


FLUID PROPERTIES 

Fluid properties vary widely through the reservoir. 
At the crest of the structure, the saturation pressure 
of the oil is 2,100 psia compared to 1,880 psia for 
fluid found at the bottom. The oil viscosity variation 
is perhaps the most important factor to be considered 
since it varies from 2 cp at the crest to 16 cp at the 
bottom of the reservoir. Solution gas-oil ratios vary 
from 400 scf/bbl for the 2,100-psia saturation-pressure 
fluid to 300 scf/bbl at the saturation pressure of 1,880 
psia. This variation in fluid properties was taken into 
account in the IBM calculations by specifying different 
saturation pressures for the fluid in each block through- 
out the reservoir. All fluid properties were then cal- 
culated as a function of the saturation pressure to give 
the proper variation from the crest to the bottom of 
the structure. 


RESERVOIR CONFIGURATION 


A geometrical model of the reservoir was constructed 
from elevation and isopach maps. A segment of this 
model was divided into 10 parallelepipeds of equal pore 
volume. Average values of height and width of each 
unit were then obtained to be used to describe the 
flow of fluids between the blocks. 


RESERVOIR ROCK PROPERTIES 


For the calculations performed on this reservoir, 
a constant value of 3 darcies was used for the absolute 
permeability throughout the reservoir. Relative per- 
meability relationships were also considered constant 
throughout the reservoir. Although the data for this 
particular reservoir indicated that rock properties should 
be considered constant through the reservoir, varia- 
tions of both absolute and relative permeability can 
be handled by the IBM program. 


PRODUCTION RATES FROM 
INDIVIDUAL BLOCKS 


The total production rate from this reservoir was 
allocated on the bases of a constant rate per well and 
of wells having equal spacing throughout the field. 
In determining the production from individual blocks, 
it was necessary to allocate the production from a well 
into the blocks penetrated by that well. Normally, a 
well’s production had to be allocated to two or more 
blocks. The allocation of production was based on a 
fraction of the total flow capacity in each block pen- 
etrated by the well. Once the contribution of each 
well was made to the various blocks involved, the 
total production from that block was summed. These 
values were used for the production from the blocks 
in the calculation. 

The primary factor determining production rate of 
this reservoir was proration. In other reservoirs the 
rate may be strongly influenced by the productivity of 
the wells. In this event, separate calculations must be 
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made at the end of each time step to determine the 
rate at which the reservoir can be produced, and the 
pressure at the elevation level and permeability to oil 
and gas at a given time will be the governing factors 
determining well productivity. 


RESULTS OF DECLINING-PRESSURE 
GRAVITY-DRAINAGE CALCULATIONS 

Fig. 9 shows a comparison of actual and calculated 
performance of this gravity-drainage reservoir. Calcula- 
tions were made for the first 13.5 years of the reser- 
voir’s performance. At the end of this period, the actual 
field pressure had dropped to 1,595 psia from an initial 
value of 1,990 psia. Although the over-all pressure 
drop during this period is satisfactorily matched by 
the calculation procedure, there is a discrepancy oc- 
curring from the middle of 1944 to the middle of 
1949. The calculated pressure declines in a gradual 
manner, while field data indicate a rapid decrease dur- 
ing the first part of 1944 and an increase in pressure 
in the latter part of 1949. Throughout this interval 
the calculated reservoir pressure is nearly 50-psi higher 
than field data. The calculated rate of pressure decline 
throughout this period is approximately the same except 
for the periods during the early part of 1944 and 
late 1950. Despite this discrepancy it is considered 
that the reservoir pressure is adequately predicted by 
the calculation procedure employed. 


Fig. 9 also shows a comparision between field and 
calculated gas-oil ratios. These values are in good 
agreement and show that during this period the gas-oil 
ratio has been practically constant, with a tendency to 
show a sharper increase during the last 112 years of 
production. The fact that the gas-oil ratio is essentially 
constant during this period demonstrates the effective- 
ness of gravity drainage in this reservoir. After the 
preduction of 144 million bbl of oil (a recovery of 
14 per cent of the original oil in place), the gas-oil 
ratio is only slightly higher than the original solution 
gas-oil ratio. 


CONCLUSION 


Reservoir performance of an actual gravity-drainage 
field producing without any gas injection was duplicated 
with the IBM program developed using the method 
presented in this paper. 
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NOMENCLATURE 


cross-sectional area (perpendicular to the dip 
of the formation) for the flow of fluids, 
sq ft 

oil formation volume factor, (bbl at reser- 
voir temperature and pressure) /(bbl at 60° 
F and 14.7 psi) 

gas formation volume factor, (cu ft of gas 
at reservoir temperature) /(cu ft of gas at 
60°F and 14.7 psi) 

total influx rate, cu ft/day at reservoir 
temperature and pressure 


= oil influx rate, cu ft/day at reservoir temp- 


erature and pressure 

gas influx rate, cu ft/day at reservoir temp- 
erature and pressure 

oil flow rate at gas-oil contact, cu ft/day at 
reservoir temperature and pressure 

gas flow rate at gas-oil contact, cu ft/day 
at reservoir temperature and pressure 
elevation difference between points in the 
reservoir (used to determine the gravity 
gradient between blocks), ft 

gas in place in the gas cap, cu ft at 60°F 
and 14.7 psi 

fraction of the oil-producing rate in Zone 
II occuring above the gas-oil contact 


= absolute permeability, darcies 


relative permeability to oil 

relative permeability to gas 

distance along formation parallel to dip of 
reservoir, ft 

distance from top of block (in the block 
containing the gas-oil contact) to the gas- 
oil contact, ft 

movement of gas-oil contact during interval, 
ft 

6.33 absolute permeability cross-sec- 
tional area, darcies X sq ft 

pressure, psi 

capillary pressure, psi 

gas-cap pressure, psi 

average pressure in Zone II below the gas- 
oil contact, psi 

oil producing rate, cu ft (measured at 60°F 
and 14.7 psi) 

producing gas-oil ratio, cu ft/cu ft (meas- 
ured at 60°F and 14.7 psi) 

solution gas-oil ratio (gas solubility in oil), 
cu ft/cu ft (measured at 60°F and 14.7 psi) 


= connate-water saturation 


gas saturation 


= critical gas saturation 
= gas saturation in the oil column immediate- 


ly below gas-oil contact 
total pore space, cu ft 
temperature, °R 
time interval, days 
gas compressibility factor 
(effective oil permeability) 
(length oil viscosity) 
1/ft < cp 


__ (effective gas permeability ) 

~~ (length X gas viscosity) 

= t 1 | 

p. = density of oil, lb/cu ft 

p, = density of gas, lb/cu ft 

a = gravity gradient due to difference in gas 
and liquid density, psi/ft (Note: Distance 
measured along line parallel to dip.) 

a, = gravity gradient due to oil density, same as 
a 

a, = gravity gradient due to gas density, same as 


a 
1 460 
conversion factor = 147 


(7) 


[to = Oil viscosity, cp 
by = gas viscosity, cp 
¢ = porosity 
SUBSCRIPTS AND SUPERSCRIPTS 

(a) = properties of Block “a” 

(a); = properties of Block “a” at time t 
(a2) +4, = properties of Block “a” at time (¢ + 1) 
(a) +43 = average properties of Block “a” during the 

time interval from (t) to (t+ 1) 
(a,a—1) = average properties of Blocks “a” and “a—1” 


| 
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APPENDIX 
DEVELOPMENT OF EQUATIONS 


EQUATIONS FOR BLOCKS IN ZONE I 

Fig. 10 represents a typical block and the adjacent 
blocks in Zone I. Eq. 1 is a form of Darcy’s law and 
describes the flow of oil (at reservoir conditions) into 
the “a” block during the time interval At, i.e., from 
times t to t+ 1. 


2: 


(1) 


Since it is assumed that there is no change of pressure 
with distance in the gas cap, Eq. 1 becomes 
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A similar equation can be written to describe the flow 
of oil between the “a” and “a-1” block. 


Using Eqs. 2 and 3, a material balance (Eq. 4) on the 
oil can be written to calculate the gas saturation at 
the end of the time interval. 


(S,*) 1 
At 2 (Mess) 


+(1-S 


The rate of advance of the gas-oil contact is not 
completely defined by fixing (e,,),,,. In addition, the 
gas saturation existing at the end of the time interval 
at the front of the displacement front, (5,,);,,, must 
be specified. This is, unfortunately, a variable which 
can be calculated only when the rate of advance at 
time (t+ 1) has been determined. Therefore, an 
iterative process must be used to determine the proper 
relationship for gas saturation existing ahead of the 
gas-oil contact at the end of the time interval for the 
particular value of (e,,):,, chosen. This iterative process 
is outlined with the necessary equations as follows. 


1. On the basis of the change in saturation with 
time from the previous time step, an estimate is made 
for (Sos) t+ 


2. The pressure gradient below the gas-oil contact 
can be determined from the following equation. 
6.33(k) (Ags) (kro) Sos 


aL 
(5) 


3. dp/oL is used in Eq. 6 to determine the volume 
of free gas flowing past the gas-oil contact at reservoir 
conditions. 


Mo’) 


t+1 = 
(6) 


4. The rate of advance of the gas-oil contact is deter- 
mined in the manner outlined by Welch and Shreve.” 
The proper value is dependent on the values of (S;) +43, 


5. By using Eq. 7, the gas saturation above the gas- 


oil contact in Zone II is determined when the position 
of the gas-oil contact is known at time (ft + 1). 
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1 
S,° t+1 = t4+1 1 ys. C= 


(AL) (Sos), 


a,a-1 + e, a,a- 

(Note: The superscript a is used in Eq. 7 to denote 
the gas saturation in Zone II above the gas-oil contact. 
The gas saturation below the gas-oil contact is (S,,). 
6. The next step is to determine the pressure in 

the gas cap at time (t+ 1). 

(G) t+1 
(Po) = —— Zone III 
(y*) > (V¢")* *) 


top of 
reservoir 


7. Knowing the gas-cap pressure at the end of the 
time interval, calculations can be made to determine the 
gas saturation below the gas-oil contact. Because both 
(S,;)+. and the pressure gradient at the boundary 
between this block and the next block downstructure 
are known, material balances on both oil and gas must 
be written. A gas balance on the area below the gas- 
oil contact at time (t+ 1) yields the following expres- 
SOW (Wy) 


1 


= 
(RO, 
(Bays) AL 2 


(Bo), + (B.") 2 

+ (CR) 

(Bo°), + (Bo") 

(Pos) CYor)t (€or) (Dor) 141 (Yor) 


2 
2 


where 
and 
— = (Vie (“eo 
ihe of M, Q, and F are to indicate 
that these relationships depend on the position of the 
gas-oil contact. In order that (e,°°"),,, and (e,7°") 
can be determined, the pressure in the block below, 
(p*") i. Will be established and used to calculate the 
values above so that (S,;);,. can be determined from 
Eq. 9. This value of (S,,)14: will be used in an oil 
material balance to calculate (p*"),,,. When the guessed 
and calculated values of (p*").,, agree within ac- 


(L’ + AL) 


*For Zone II, multiply (V¢*) by (L*) 
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ceptable limits, the value of gas-cap pressure and the 
saturations above and below the gas-oil contact at time 
(t+ 1) are correct for the rate of advance of the 
gas cap used during the period. The equation for cal- 
culating (p*"),,, from the oil balance is 


UBS) 
(Bare 


+ CL = Sew") = (Sos) 
(L*) (At) 
(1 Sem) (Sor) 
(B,), |! 


8. The only uncertainty at this point is that of 
whether the value of (S,,) 1: used to estimate the rate 
of advance of the gas-oil contact in Step 1 is the same 
as the value calculated in Step 7. If it is not within 
a specified limit, then another value of (S,,)1,, should 
be used and all calculations described in Steps 1 through 
7 should be repeated. 


EQUATIONS FOR BLOCKS IN ZONE III 


Eq. 13 describes a material balance on the gas 
content of the “a” block. 


1 
(S,") = @ —( Siew 
t+1 (y") t+1 (R, 
(Bo") 


(Be 2 
Bat) oes 


2, 


2 


Inspection of Eq. 13 shows that the value of (S,’), 
can be solved provided values of (e,”°"),,, and 


(e,”°") 14, are known. Eqs. 14 and 15 can be used to 
calculate these factors. It should be noted that these 


(13) 
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equations are dependent on (p*"),,; which is not 
known. 


+- (Che (po a, 
Like the calculations for (S,;)i:, a value is an 
for (p*"),,, and Eq. 13 is solved to obtain (S,") 141. 
This’ value of (S,*):; is then used in Eq. 16 to 
determine the value of (p***);,, in order that a balance 
on the oil content in Block “a” will be satisfied. 


16) 
When the for agrees within 
specified limits of the values calculated, the value of 
(S,") +41 iS considered to be the correct value for the 
initial conditions known for this block. 


Eqs. 13, 14, 15 and 16 can be used to determine 
gas saturation at time (¢ + 1) in all blocks in Zone III 
except the bottom block. In the bottom block, special 
provisions have to be made since there is no migration 
of oil or free gas across the bottom boundary of the 
reservoir. The oil balance on this block can be written 
to determine the oil flow across the “a”, “a+ 1” 
boundary which will be compatible with the value of 
(p*)i. and (S,*),,, for the bottom block. This is the 
same approach used in developing Eq. 16 except, in the 
case of the bottom block, the average flow rate over 
the botton boundary (e,” °);,;, will be determined 
instead of evaluating (p"),... The equation describing 


(B,"): (B.”) 
If the value of (e,"°"),,,; is not zero, the boundary 
condition of no flow across the bottom of the reservoir 
is not satisfied, the value of (e,,).,, originally estimated 


was incorrect, and another estimate must be made for 
this value. took 


(V¢") 
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Widths of Hydraulic Fractures 
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ABSTRACT 


A study of fluid mechanics, rupture of brittle mate- 
rials and_ the theory of elastic deformation of rocks 
shows that, for a given formation, crack width is es- 
sentially controlled by fluid pressure drop in the frac- 
ture. Operating conditions which cause high pressure 
drop along the crack (such as high injection rate and 
viscous fluids) will result in relatively wide cracks. 
Conversely, operating conditions which cause low pres- 
sure drop (low injection rates and thin fluids) will 
result in relatively narrow cracks. 


Charts and equations have been derived which permit 
the estimation of fracture widths for a variety of flow 
conditions and for both horizontal and vertical frac- 
tures. 


INTRODUCTION 


There has been considerable speculation concerning 
the geometry of hydraulically created fractures in the 
earth’s crust. One of the questions of practical im- 
portance is the width of fractures under dynamic con- 
ditions, i.e., while the fracture is being created and 
extended. Such width information could be used, for 
instance, to help estimate the area of a fracture gen- 
erated under various conditions.” Also, there has been 
a recent trend toward the use of large propping par- 
ticles.’ Therefore is is desirable to know what factors 
can be varied in order to assure entry of the large 
particles into the fracture. 

There has been some work on fracture widths re- 
ported in the literature. In particular, there have been 
several Russian publications dealing with this sub- 
ject.” These papers have dealt principally with 
the elastic theory and the application of this theory 
to hydraulic fractures. These studies have not led to 
an engineering method for estimating fracture widths 
under dynamic conditions. A recent paper® has reviewed 
and summarized the Russian concepts. 

An earlier paper’ from our laboratories also discussed 
the application of the elastic theory to hydraulic frac- 
tures. This first approach, based largely on photoelastic 
studies, has proved to be too simplified to accurately 
describe the fracturing process. However, these early 
thoughts have served as a guide during the development 
of more exact concepts. 

We would like to present in this paper our current 
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concepts regarding fracture widths and some estimates 
of hydraulic fracture widths for several conditions. 
We believe that it is now possible to predict with fair 
accuracy the factors influencing fracture widths. Furth- 
ermore, the method of prediction has been reduced to a 
simple and convenient graphical or numerical calcula- 
tion. 


CRACKS IN A BRITTLE, ELASTIC MATERIAL 


Many investigators’’” have shown that competent 
rocks behave elastically over some range of stresses. Of 
course, if the tensile stress imposed upon a rock ex- 
ceeds some limiting value, then the rock will fail in 
tension. In similar manner, there are some limiting 
shear stresses that can be imposed upon rocks. Hubbert 
and Willis” have discussed the shear conditions which 
will lead to failure. 

Under moderate stress conditions (such as those 
likely to be encountered when hydraulically fracturing) 
and when stresses are rapidly applied, relatively, most 
rocks will fail in a brittle manner. Hence, for this 
discussion of hydraulic fractures in the earth’s crust, 
we assume the rocks behave as brittle, elastic materials. 

Let us develop the discussion in the following way. 
(The following thoughts are applicable only to brittle 
materials. ) 

1. First we consider a brittle, elastic system. An 
energy balance will show the minimum pressure neces- 
sary to fracture rock, and from this pressure we cal- 
culate the minimum crack width resulting from ex- 
tension of a hydraulic fracture. 

2. Then we will show that, under ordinary fractur- 
ing conditions, fracture widths are appreciably greater 
than the minimum widths of extending fractures. In 
fact, we will find that crack width is controlled by 
fluid pressure drop in the fracture. 

3. We will discuss pressure drops in fractures and 
resulting crack widths for various operating conditions 
and both vertical and horizontal fractures. 

4. Finally, we will discuss the significance of these 
concepts, their relationship to fracturing pressures, etc. 

First, consider minimum fracture extension pres- 
sures. We can shed some light on this question by 
considering the theory proposed by Griffith’’ to ex- 
plain the rupture of brittle, elastic materials. Griffith 
recognized that solid materials exhibit a surface energy’ 
(similar to surface tension in a liquid). The funda- 
mental concept of the Griffith theory is that, when 
cracks spread without the application of external work 
(in the interior of an elastic medium which is stressed 
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externally), the decrease in strain energy resulting from 
the elastic strain in the vicinity of the crack is balanced 
by the increase in surface energy. 


A similar approach when external work is applied by 
the injection of fluid can be used to estimate hydraulic 
fracture widths in rocks under static conditions (when 
the fluid has stopped moving). Consider an infinite 
elastic medium containing a plane crack bounded by 
a circle—a penny-shaped crack. If fluid were injected 
into this pre-existing crack but at a pressure less than 
that necessary to extend the fracture in length, then 
the crack would be “inflated”. For a perfectly elastic 
medium, the relationship between crack shape and 
pressure within the crack has been calculated by Sned- 
don.” Fig. 1 shows a conceptual sketch with some of 
the geometrical relationships predicted by the elastic 
theory. 


Now let us suppose the pressure in the crack is 
increased until the crack is just ready to extend in 
radius. Let volume dV be injected at the fracture ex- 
tension pressure P, and suppose this results in an in- 
crease in fracture radius dC. The amount of work done 
to pump the fluid into the fracture is clearly PdV. The 
amount of energy stored in the fracture system arises 
from (1) an increase in potential energy of the elastic 
medium and (2) an increase in the surface energy 
caused by the increase in fracture radius. To obtain the 
minimum fracture extension pressure, the work done is 
equated to the energy stored in the fracture system. By 
using this approach, Sack” has derived an equation 
which will give the minimum pressure necessary to ex- 
tend a fracture in rock (Eq. 1). 


Take 


where P,, =minimum fracture extension pressure, psi, 
o = total earth stress perpendicular to the plane 
of the fracture, psi (total earth stress is 
defined as the sum of stress in rock matrix 
plus pore pressure, see Ref. 11), 
a = specific surface energy of the rock, 
ft-lb/sq in., 
E = Young’s modulus of the rock, psi, 
v = Poisson’s ratio for the rock, and 
C = fracture radius, ft. 
This equation predicts that, for a given rock (i.e., 
fixed values of surface energy, Young’s modulus and 
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Fic. 1—Sketcu oF AN UNRESTRICTED FRACTURE WITH 
GEOMETRY PREDICTED BY THE ELASTIC THEORY. 


Poisson’s ratio), the minimum fracture extension pres- 
sure (in excess of the earth stress) varies inversely as 
the square root of the fracture radius. 


EXPERIMENTAL VERIFICATION OF THE 
GRIFFITH-SNEDDON APPROACH 


The Griffith-Sneddon approach to minimum fracture 
extension pressure can be verified experimentally. Sned- 
don has shown that the volume of a radially symmetr- 
ical crack with a uniform pressure P acting in the crack 
is given by Eq. 2. 
(Bere) 
3E 
where V = volume of the crack. 

Combining this with Eq. 1 to eliminate C yields 


1/5 
Ee 
Hence, the fracture extension pressure should vary 
inversely as the fifth root of crack volume. 


We have measured fracture extension pressure and 
crack volume for a Portland cement model. Fluid leak- 
off into the model could not be eliminated completely. 
However, it was minimized by using a fluid of low 
leak-off properties and a cement of low permeability. 
The volume of fluid leaking off was estimated and 
subtracted from the total volume injected to estimate 
the volume of fluid remaining in the crack. The model 
was arranged so that the pressure acting within the 
fracture could be measured. 

Fig. 2 shows a sketch of the model and a plot of 
log P vs log V. A line with slope of “ — 1/5” is 
drawn through the data, thus verifying the relationship 
shown by Eq. 3. 


V (2) 


MIMIMUM FRACTURE EXTENSION 
PRESSURES 


To predict minimum fracture extension pressures for 
field cases, we must determine typical physical proper- 
ties of rocks. 
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Ahe values of Poisson's ratios for rocks reported in 
the literature’*” range from about 0.05 to 0.25. Since 
the minimum fracture extension pressure is not very 
sensitive to changes in Poisson’s ratio, the use of an 
average value of 0.15 appears justified. 


Young’s moduli for rocks vary over a much broader 
range. Elastic moduli are influenced by the type of 
rock, porosity and average stress. Table 1 gives ranges 


of moduli that appear to be in agreement with most 
literature data.’*” 


There is a paucity of surface energy data for rocks. 
The U.S. Bureau of Mines” has reported some of the 
best data. They report a value of 0.0265 ft-lb/sq in. for 
the surface energy of quartz crystals and 0.00613 ft-lb/ 


sq in. for the surface energy of calcite crystals 
(GaCO,). 


The apparent surface energy during fracturing prob- 
ably corresponds to the surface energy of the cement- 
ing material and quartz grains actually fractured. Be- 
cause of the porous nature of rock, however, the new 
surface actually created during cleavage is less than 
1 sq in./sq in. of fracture surface. Hence, the apparent 
surface energy during typical fracturing is estimated 
to be not more than 0.01 ft-lb/sq in. and perhaps 
much less. 


The minimum pressures needed to extend an average 
fracture can now be estimated. Let us take a simplified 
case of an axially symmetrical fracture (a penny-shaped 
crack). Assume that the following properties are typi- 
cal: E = 4 X 10° psi, a = 0.01 ft-lb/sq in. (or less) and 
v= 0.15. 

The minimum fracture extension pressure can be 
calculated from Eq. 1, and the corresponding maximum 
crack width at the wellbore can be calculated from Eq. 
4. Eq. 4 is derived by Sneddon” for the case of a 
penny-shaped crack. 

where W,, = maximum crack width at the wellbore. 


Wn (4) 


The calculated values are plotted vs the fracture 
radius on Fig. 3. These curves show that, for this con- 
dition of static fluid in a hydraulic fracture, the crack 
widths are very small. 


FRACTURE WIDTHS UNDER. 
DYNAMIC CONDITIONS 


From the previous discussion it is clear that under 
static conditions (and assuming no fluid leak-off) frac- 
tures would be very narrow. If fluid were injected at rea- 
sonable pump rates into these narrow cracks, the in- 
jection pressures would have to be extremely large. 
However. the resulting high fluid pressures in the frac- 
ture would force the fracture walls farther apart. As 
the crack width increased, the pressure necessary to 
inject the fluid would decrease. In actuality, an equili- 
brium condition is reached. The resulting fracture width 
is controlled essentially by the fluid pressure drop in 


TABLE 1—ESTIMATES OF YOUNG'S MODULI OF FORMATION ROCKS 
Type of Rock Probable Value of E (psi) 


Porous, Unconsolidated to Lightly 
Consolidated (Friable) Sands 


Medium-Hardness Sandstone 108 
Hard, Dense Sandstone 5§ to 7.5 X 10! 
Limestone and Dolomite 108 
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the fracture. The fluid pressure at the leading edge of 
the crack is nearly equal to the opposing earth stress. 
(The pressure in excess of the earth stress at the 
leading edge of the crack is usually negligible, as we 
have just seen in the previous section; therefore, it 
is taken as zero in the remainder of this paper.) This 
is shown conceptually on Fig. 4. (A similar sketch 
could be drawn for a horizontal fracture.) Operating 
conditions which lead to high pressure drop along the 
crack (such as high injection rates and viscous fluids) 
will result in relatively wide cracks. Conversely, operat- 
ing conditions which lead to low pressure drop (low 
injection rates and thin fluids) will result in relatively 
narrow cracks. 


Since crack widths are controlled by pressure drop 
in the crack, we must consider several controlling 
situations. In this paper, we will discuss the following 
cases. 


1. Vertically oriented, vertically restricted fractures 
—includes crack widths resulting: (a) from Newtonian 
fluids flowing along the crack in laminar flow; (b) 
from Newtonian fluid flowing along the crack in 
turbulent flow; (c) from non-Newtonian fluids flowing 
along the crack in laminar flow; and (d) when a large 
amount of sand in the fracture restricts fluid flow and 
thereby increases pressure drop along the fracture. 


2. Horizontally oriented, axially symmetrical frac- 
tures resulting from Newtonian fluids in laminar flow— 
includes: (a) fractures deep within the earth; and (b) 
very shallow fractures. 


There are, of course, other conditions which could 
be considered. However, we believe that these cases will 
cover most situations and generally will show the be- 


havior to be expected. (For instance, widths of un- 


restricted vertical fractures will be about the same as 
for horizontal fractures of the same size.) 
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VERTICAL FRACTURES 


Within the earth there often are conditions which 
will cause vertical fractures to be limited in growth in 
a vertical direction. Zones with horizontal stress higher 
than in the pay zone are sometimes found above and 
below the pay zone and will, for instance, cause the 
vertically limiting effect. (High horizontal stresses are 
sometimes found in shale. Also, in limestone reservoirs, 
nonpermeable sections may have higher horizontal 
stresses than permeable sections after the reservoir 
pressure has been drawn down.) The fracture will grow 
until it reaches the bounding zone and then will be re- 
stricted in vertical growth. However, it will continue to 
extend laterally away from the wellbore as shown on 
Fig. 5. The fracture will penetrate up and down into 
the bounding zones until an equilibrium condition is 
reached. This equilibrium condition is similar to that of 
a lever at static equilibrium. The fracturing fluid exerts 
a pressure against the fracture face tending to open and 
extend the fracture. The high stresses at top and bottom 
tend to close the fracture. The fracture, therefore, will 
extend into the bounding zones until the opposing forces 
counter-balance one another. If these bounding zones 
are not thick enough or if pressure drop in the fracture 
gets high enough, then the fracture may crack through 
into other zones. 


CRACK WIDTHS RESULTING FROM 
NEWTONIAN FLUIDS IN LAMINAR FLOW 

Fortunately, it is rather easy to predict whether a 
Newtonian fluid will be in laminar or turbulent flow. 
In a classic work,” Reynolds discovered that turbulence 
would begin when the Reynolds’ number (the ratio of 
viscous to inertial forces in the fluid) exceeded a certain 
value. In terms of fracturing conditions, the Reynolds’ 
number can be reduced to (see Appendix A): 
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(Q) (Sp Gr) 
where N,, = Reynolds’ number, 
QO = total injection rate, bbl/min, 
Sp Gr = specific gravity of fracturing fluid, 
H = height of fracture, ft and 
p. = viscosity of fracturing fluid, cp. 

Then, when (Q) (Sp Gr)/(4) () is less than about 
0.32, the fluid within the crack will be in laminar flow. 
The crack width is then given by Eq. 5 (see Appendix 
A for derivation). 


Nre = 7.81 X 10° 


Il 


(5) 


where W = maximum crack width at the wellbore, 
in., 
Q = total pump rate, bbl/min, 
p. = effective fracturing fluid viscosity, cp, 
L = length of a vertical fracture measured 
from the wellbore, ft, and 
E = Young’s modulus of formation rock, psi. 

Using the range of values of Young’s moduli from 
Table 1, Eq. 5 is presented in a convenient graphical 
manner as Fig. 6. 

As an example, suppose conditions for a fracture job 
in a medium-hardness sandstone were as follows: Q = 
30 bbl/min, » = 4 cp, L = 500 ft, Sp Gr = 0.9 and H 
= 40 ft. 

Q(SpGr) (30)(0.9) 

Ay, (40) (4) 

(Therefore, fluid is in laminar flow and Fig. 6 can be 
used. ) 


= 


== 


QuL = (30) (4) (500) = 6X10*. 
Therefore, Fig. 6 shows that the maximum crack 
width at the wellbore would be about 0.13 to 0.15 in. 


CRACK WIDTHS RESULTING FROM NEWTONIAN 
FLUIDS IN TURBULENT FLOW 

If (Q)(Sp Gr)/(H)() is greater than 0.32, then 
the fluid will be in turbulent flow within the fracture. 
For this case, the width is given by Eq. 6 (see Ap- 
pendix B for derivation). 

(Q)*(Sp Gr) (L) |” (6) 
(E) (A) 
where Sp Gr = specific gravity of fracturing fluid, and 
H = height of a resiricted, vertical frac- 
ture, ft. 

Again using values of Young’s moduli from Table 1, 
Eq. 6 can be shown. graphically as Fig. 7. Let us con- 
sider the same example as before, except suppose that 
the viscosity of the fracturing fluid were 1 cp, O = 30 
bbl/min, » = 1 cp, L = 500 ft, Sp Gr = 0.9, and H = 
40 ft. 

Q(SpGr) (30)(0.9) 
Hu (40) (1) 
Therefore, the fluid is in turbulent flow and Fig. 7 can 
be used. 
QO'(Sp Gr)L (30)*(0.9) (500) 
40 

Fig. 7 shows that in this case the maximum crack 

width at the wellbore would be about 0.14 to 0.16 in. 


W = 0.6 


= 0.68. 


= 1.01 X 10°. 


CRACK WIDTHS RESULTING FROM 
NON-NEWTONIAN FLUIDS IN LAMINAR FLOW 


If non-Newtonian fluids such as gelled oils or emul- 
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sions are used, then it is necessary to determine the 
fluids’ flow properties before estimating crack width. 
Fann meter data should be plotted in a manner similar 
to the log-log plot shown on Fig. 13 in Appendix C. 
The equation of the straight-line portion is reduced to 
two constants, k’ which is proportional to an intercept 
at a particular rotor speed, and n’ which is proportional 


to the slope of the line. (Details for actually deter- 
mining k’ and n’ from Fann data are given in Appen- 
dix C.) These two constants are then used in place of 
“viscosity”. 

Unfortunately, we have not been able to plot crack 
widths for non-Newtonian fluids in as simple a manner 
as Figs. 6 and 7. It has been necessary to include in the 
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design chart Young’s moduli of the formation rocks. 
Values of Young’s moduli can again be estimated from 
Table 1. After the flow constants k’ and n’ are deter- 
mined for the fluid and the Young’s modulus of the 
rock has been estimated, crack widths can be esti- 
mated from Fig. 8. (See Appendix C for derivation.) 


Suppose, for a given fracturing case, k’ = 4.69 x 
10” Ib-sec”’/sq ft, n’ = 0.654,* QO = 20 bbl/min, L = 
100 ft, H = 30 ft, and E= 6 X 10° psi (estimated for 
hard sandstone from Table 1). 

(100) (30)"™ 
E 10° 

From Fig. 8, the maximum crack width at the well- 

bore is then estimated to be 0.2 in. 


CRACK WIDTHS RESULTING WHEN SAND IN 
THE FRACTURE RESTRICTS FLUID FLOW 


The crack widths estimated from Figs. 6, 7 and 8 
apply when pure fluids are being pumped along a frac- 
ture. These estimated widths are also valid when there 
is a sparse distribution of propping agent suspended in 
the fluid (because a dilute suspension of solid material 
will not appreciably influence pressure drop along the 
crack). However, if a large amount of sand is injected 
aS a propping agent, then its presence in the fracture 
will influence pressure drop and thereby influence crack 
width. 

In field operations, sand is usually placed in the 
fracture such that one of the two following conditions 
will be obtained: (1) a great deal of sand settles to the 
bottom of the fracture; or (2) the sand is nearly uni- 
formly suspended in the fracture and concentrated due 
to leak-off of the fracturing fluid. 


*These particular values of k’ and nm’ are for a very thick gelled 
fracturing oil. 
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The conditions which lead to settling of sand in a 
fracture were discussed in a previous paper.“ The crack 
width is not easily calculated for these conditions. We 
have studied a few cases and found that the crack 
widths were several times as wide as the predicted 
crack width without sand present. At the present time, 
we can only suggest that, for all cases when sand is 
present, crack width should be estimated in the manner 
described below where sand concentrates due to fluid 
leak-off but does not settle. 


If the sand is suspended in a very viscous fluid, it 
will settle so slowly that a settled sand pack will not 
have time to form during the fracture treatment. How- 
ever, during the treatment, the fracturing fluid can leak 
off into the porous formation, leaving a high concentra- 
tion of sand suspended in the fracture. The viscosity of 
the concentrated sand slurry will be considerably 
greater than the viscosity of the pure fracturing fluid. 
Fig. 9 shows the ratio of the slurry viscosity to the pure 
fracturing fluid viscosity as a function of the volume 
fraction of solid material in the slurry.” 

The crack width is easily estimated in the following 
way if the sand concentrates because of fluid leak-off. 

1. The amount of fluid remaining in the fracture is 
estimated by the method proposed by Howard and 
Fast.” By knowing the amount of fluid in the fracture 
and the amount of sand in the fracture, the average 
slurry concentration can be calculated. 

2. The average slurry viscosity can then be estimated 
from Fig. 9. 

3. The crack width is then estimated from Figs. 6 
and 7 using the average slurry viscosity and density 
rather than the viscosity and density of the pure frac- 
turing fluid. 

In the actual case, slurry properties vary from point 
to point in the fracture. Hence, the width calculated as 
just shown must be interpreted as only an approximate 
width. 


HORIZONTAL FRACTURES 


If a fracture is oriented horizontally, crack width 
may result from two types of rock movement. If the 
fracture is deep within the earth, crack width results 
principally from compression of rock in the vicinity of 
the fracture. However, if the fracture is very shallow, 
crack width may also result from flexing and lifting of 
the overburden. This is shown conceptually in Fig. 10. 
It is shown in Appendix D that compression of sur- 
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rounding rock is the principal mechanism leading to 
crack width if the depth is greater than about three- 
fourths of the fracture radius. (Hence, this is the 
mechanism that controls during most fracture treat- 
ments.) For this condition, the width is given approxi- 
mately by Eq. 7. 


1/4 
W(in.) = 0.22 C(ft) (7) 
E(psi) 
where C = radius of the fracture, ft. 


(In deriving this equation we have assumed a homo- 
geneous medium. Actually, in the case of a horizontal 
fracture, the value of Young’s modulus should be an 
effective average for the pay zone and the formations 
above and below it, since they are also compressed 
when the fracture is opened. However, for simplicity 
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we have used the values of Young’s moduli for the 


pay zones as shown in Table 1 in applying this equa- 
tion.) 


Fig. 11 graphically shows the order of magnitude of 
crack width to expect in horizontal fractures (depth is 
greater than three-fourths of the fracture radius) if 
the fluid is in laminar flow. Laminar flow of the fluid at 
every point in a horizontal fracture is probably en- 
countered only rarely in field operations. Hence, turbu- 
lent flow must also be considered before a generally ap- 
plicable equation can be derived. However, the turbu- 
lent zone usually will not extend far from the wellbore; 
therefore, Fig. 11 is approximately correct in all cases. 


Appendix D also shows an equation for estimating 
crack widths of shallow horizontal fractures (depth is 
less than three-fourths of the fracture radius). 


If a large amount of suspended sand is injected into 
the fracture, then the width of the fracture can be 
estimated by using the viscosity of the sand slurry 
rather than the viscosity of the basic fracturing fluid. 


CONSEQUENCES OF THESE WIDTH CONCEPTS 


Now let us briefly discuss some of the consequences 
and significance of these width concepts. First, consider 
the relationship between crack width and fracturing 
pressure. Pressure drops along the fracture can be esti- 
mated from Eq. A-10 or D-4 (in Appendixes A and D, 
respectively) and crack width Eqs. 5, 6, or 7. For those 
fractures oriented vertically, pressure drops along the 
cracks will probably range from a few tens of pounds 
per square inch (for very tall cracks) to perhaps 1,000 
psi (for thin zones). The higher pressures in thin zones 
increase the probability of cracking out of the pay zone 
into zones above and below. 
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For horizontal fractures or unrestricted vertical frac- 
tures, pressure drops will be very high initially but 
quite low for large fractures. 


Bottom-hole fracturing pressures will be equal to the 
sum of the total earth stress perpendicular to the plane 
of the crack and the pressure drop in the fracture. 
Hubbert and Willis’ and Cleary* have discussed the fac- 
tors influencing earth stresses. 


Fig. 12 shows our estimates of the ranges of earth 
stresses (similar to estimates of Hubbert and Willis or 
Cleary) plus pressure drops for vertical and horizontal 
fractures (as discussed in this paper). This figure also 
shows some bottom-hole fracturing pressures calcu- 
lated from actual field treatments. It is apparent that 
bottom-hole pressures for most of these fracturing 
treatments fell in the range predicted for vertical frac- 
tures. It is interesting to note that predicted pressures 
for vertical and horizontal fractures overlap at depths 
less than about 3,000 ft. Hence, at these shallow 
depths, fracture orientation cannot be determined by 
cursory inspection of the bottom-hole fracturing pres- 
sure gradient. 


Another interesting consequence of these concepts is 
the behavior to be expected after pumping has ceased. 
Since the fracture extension pressure is nearly equal to 
the earth stress, the fracture will continue to extend 
after pumping has ceased. The crack will become nar- 
rower and longer until the minimum width (previously 
discussed) is reached or until formation walls grip the 
propping material. Of course, fluid will continue to 
leak-off over the whole fracture area and particularly 
near the extending edge of the fracture as the walls 
close. This limits the additional length obtained after 
pumping stops. 

Finally, let us review the factors which influence 
crack width (see Eqs. 5, 6, and 7). 


1. The thickness of pay zone should have no effect 
on pressure or width of horizontal fractures. For re- 
stricted vertical fractures, pressure drop along the 
fracture will be large for thin zones but small for thick 
zones. On the other hand, crack width at the wellbore 
is nearly independent of height of a vertical fracture 
(except in turbulent flow). 


2. Depth of pay zone will generally have little effect 
on crack width (except that rock properties may vary 
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with depth). For very shallow horizontal fractures, the 
width may be somewhat greater than normal because 
of lifting of the overburden. However, this should be of 
no significance in most normal fracturing operations. 


3. Crack width is not particularly sensitive to rock 
properties. Young’s moduli of rocks have a range of 
about ten- or twenty-fold. However, crack width is in- 
versely proportional to the fourth root of Young’s 
modulus; therefore, only about a twofold variation in 
crack width should be expected from this range of 
moduli. 


4. Since the viscosity of a fracturing fluid (or effec- 
tive viscosity if slurries are considered) can be varied 
over a very wide range, this factor will have an ap- 
preciable effect on crack width. 


5. Pump rate will also influence width, but usually the 
range of pump rates is limited by the horsepower avail- 
able. 


6. Fracture width at the wellbore will also be in- 
fluenced by length or radius of a fracture. As the vol- 
ume of fluid in the fracture increases, the crack width 
will increase. 

7. Crack width is strongly influenced by a large 
amount of solid propping material in the fracture. The 
solid material increases resistance to fluid flow and re- 
sults in a wider crack. 


NOMENCLATURE 


C = fracture radius 
D, = equivalent diameter 

E = Young’s modulus of rock 

f = friction factor 

H = height of a vertical fracture 

k’ = a measure of the flow properties of a non- 

Newtonian fluid. It is determined as ex- 
(Ib) (sec)”’ 
q ft 

L = length of a vertical fracture (measured 
from the wellbore) 

n’ = a measure of the flow properties of a non- 
Newtonian fluid. It is determined as ex- 
plained in Appendix C. 

Nre = Reynolds’ number 
P = pressure 
P,., = average fluid pressure in the fracture 

P,, = minimum fracture extension pressure 

P,, = fluid pressure at the wellbore 

QO = total injection rate into a well 

r = radius 
’ = radius of the wellbore 
Ry = hydraulic radius 
Sp Gr 
u 
Vv 
V 
W 
W, 


plained in Appendix C, 


= specific gravity of fracturing fluid 
= velocity 

= velocity 

= volume 

= crack width 

= average fracture width 


W,, = maximum crack width at welibore 
x = distance 
y = distance 
Z = depth of fracture (measured from surface 
of ground) 


a = specific surface energy of rock 
10° darcies ( Ea. D-1 
2aqemna a constant), see Eq. D- 


y = a proportionality constant relating equiva- 
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diameter and hydraulic radius (see Eq. 

3) 

6, = upward deflection of an elastic plate 
clamped at the edge (see Eq. D-8) 

5, = downward deflection of an elastic medium 
(see Eq. D-9) 

ps = viscosity of a fracturing fluid 

v = Poisson’s ratio for rock 

p = fluid density 

o = total earth stress perpendicular to the plane 
of the fracture 


Tt = shear stress 
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APPENDIX A 


DERIVATION OF AN EQUATION GIVING 
VERTICAL CRACK WIDTHS RESULTING FROM 
NEWTONIAN FLUIDS IN LAMINAR FLOW 


Widths of restricted, vertical cracks resulting from 
injection of Newtonian fluids can be estimated by mak- 
ing the following assumptions. 


1. Assume that the fracture is vertical and of fixed 
height H (the height is independent of the distance 
from the wellbore). 


2. Assume that the cross-sectional shape of the crack 
at any point is essentially elliptical and that the maxi- 
mum width at that point is proportional to the difference 
between pressure and stress at that point. The equation 
of the ellipse is taken as Sneddon’s equation for a two- 
dimensional system (Eq. A-10). 


3. Assume that the pressure drop can be estimated 
by means of Fanning’s equation in which the hydraulic 
radius for an ellipse has been substituted. 


4. Assume that the fluid pressure at the extending 
edge of the crack is essentially equal to the total earth 
stress perpendicular to the plane of the fracture. 


5. Assume there is no leak-off of the injected fluid. 
(By assuming the limiting condition of a total fluid 
leak-off rate large enough that the fracture is no 
longer extending, one can readily show that leak-off has 
little effect on crack width. ) 


The Fanning equation may be written as Eq. A-1. 


(A-1) 
dx 
where, for laminar flow, 
(A-2) 
D.vp 


For an ellipse of essentially zero eccentricity (ec- 
centricity is the ratio of minor to major diameters), 


Perry” has shown 
W 
Y\ 2.546 


where D, = equivalent diameter, 
y = proportionality constant, 
R, = hydraulic radius, and 
W = minor diameter of the ellipse (equals 
maximum crack width). 


y Ru = (A-3) 
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Lamb* has shown for an ellipse of nearly zero ec- 
centricity and for laminar flow 


aP 320u 
‘dx 
Substituting Eqs. A-2, A-3 and A-8 into Eq. A-1 and 
equating to Eq. A-4 shows 
(This can be compared with y for a circular pipe of 
4 or y for parallel plates of 3.26.) 


(A-4) 


We assume that y = 3.6 is the value that should be 
used for all cases considered here, both laminar and 
turbulent. The Reynolds’ number of the fluid flowing 
down the crack can now be written. 

flow rate 
D.vp o( area )e 


i 


i 


area flow rate 
“ \ wetted perimeter area)? 


, _{ flow rate 


i 


(Q) (Sp Gr) 
(A) 
Fluid will be in laminar flow in the crack if Reyn- 

olds’ number is less than about 2,500. (See, for in- 

stance, the data of Huitt* or Rothfus, et al.) Substi- 
tution of Nx. < 2,500 into Eq. A-6 shows that laminar 
flow will obtain if 
(Q) (Sp Gr) 
(7) (x) 
In the laminar region, the friction factor is given by 

Eq. A-2. We can compare this friction-factor relation- 
ship for parallel plates with experimental data which 
have been reported in the literature. For smooth paral- 
lel plates, the data of Huitt,* Davies and White,° Roth- 
fus, et al,“ and Walker, et al," are in agreement with 
each other. Furthermore, in the laminar region the ex- 
perimental data are in exact agreement with this theo- 
retical approach. 


Substituting Eqs. A-2, A-3 and A-5 into Eq. A-1 
yields Eq. A-7. 


= 7.81 xX 10° (A-6) 


dP 32 (2.546)* vu 

=] 

dx (3.6)? 
But we note that 

2Q 

Therefore, 

dP 64(2.546)° Ou 

dx aw (3.6)* WH ) 


For a fracture restricted at top and bottom, Sned- 
don* has shown 


A-10) 
2 E ( 


If we assume that Q. is constant (this neglects leak- 


off and accumulation in the crack), then substituting 
Eq. A-10 into Eq. A-9 gives Eq. A-11. 


(8) (2.546)° uQE 
7G6) 


(P =| 
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By integrating and noting that (P — o) = O at the 
leading edge of the crack, we can express the pressure 
as a function of the distance from the leading edge of 
the crack. By then substituting into Eq. A-10, the width 
is given as a function of the distance from the end of 
the crack. Assuming v = 0.15, we can therefore express 
the width in convenient units as 


QO(bbl/min) u(ep) L(ft) 1a 


E (psi) 


W(in.) = 0.38 


APPENDIX B 


DERIVATION OF AN EQUATION GIVING 
VERTICAL CRACK WIDTHS RESULTING FROM 
NEWTONIAN FLUIDS IN TURBULENT FLOW 


The basic assumptions for this case are the same as 
those listed in Appendix A. If Reynolds’ number is 
greater than 2,500, we assume that 

The friction factor is influenced by the roughness of 
the walls; the f = 0.0125 value corresponds to a rela- 
tive roughness“ of about 0.02. The effect of relative 
roughness is clearly shown by the experiments of 
Huitt.* 

Substituting Eqs. A-3, A-5, A-8, A-10 and B-1 into 
Eq. A-1 yields Eq. B-2. 

(0.0125) (2.546) 
aw (3.6) | 


By integrating, noting that (P — o) = 0 at the lead- 
ing edge of the crack and substituting into Eq. A-10, 
we obtain Eq. B-3 for maximum crack width at the 


wellbore. 


= 


W = 0.6 
| (E) (A) 


APPENDIX C 


DERIVATION OF AN EQUATION GIVING 
VERTICAL CRACK WIDTHS RESULTING FROM 
NON-NEWTONIAN FLUIDS IN LAMINAR FLOW 


The relationship between shear stress and shear rate 
for many non-Newtonian fluids (as well as Newtonian 
fluids) can be represented by Eq. C-1. 


du\° 
dy 


where 7+ = shear stress, 
u = velocity = f(y), 
k’,n’ = constants, and 


d 
(=) = shear rate. 
dy 


The shear behavior of most fracturing fluids, in fact, 
can be represented by this equation. The constants k’ 
and n’ can be evaluated with a Fann meter. Table 2 
shows the relationship between shear rate in seconds* 
and rotor rpm for a Fann meter. 


At each shear rate, the meter will indicate a scale 
reading which can be converted to shear stress in 
pounds per square feet by means of Eq. C-2. 


(scale reading) (spring constant) 
100 
Shear stress should then be plotted vs shear rate on 


7 lb/sq ft = (C-2) 
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log-log paper. Fig. 13 shows typical data for a thick 
fracturing oil which has been gelled varying amounts. 

A straight line is drawn through each set of data 
points. (The points at low shear rate frequently deviate 
from the straight line and should not be used.) The 
constant n’ is then determined from any two points on 
the straight lines, as indicated by Eq. C-3. 


(log) (72/71) 
(shear rate), 


Having n’, the constant k’ is determined at any point 
on the straight line by means of Eq. C-4. 


(shear rate)” 


Now let us derive an equation giving crack widths 
in terms of the constants k’ and n’. Fig. 14 is a sche- 
matic representation of a fluid flowing in laminar flow 
between parallel plates. For steady, nonaccelerated 
flow, the force per unit height acting to the right on 
the fluid element of thickness y and length L may be 
equated to the force per unit height acting towards the 
left as shown by Eq. C-S. 

Eq. C-1 may be substituted into Eq. C-5, and the 
equation can then be integrated by observing that the 
velocity is zero at the wall. Eq. C-6 gives the resulting 
velocity profile. 


The totai flow rate into the two sides of the fracture 


is given by Eq. C-7. 


w 


Hudy 


1 +1 


Re-arrangement of Eq. C-7 yields Equation C-8 ex- 
plicit in the pressure gradient. 


Lamb” has shown that the pressure gradient when 
flowing Newtonian fluids in an elliptical conduit of 
times as great as 
37 
the pressure gradient when flowing the same fluid be- 
tween parallel plates under the same condition of 
height, maximum width and flow rate. If it is assumed 
that this same relationship holds approximately for non- 
Newtonian fluids, then Equation C-9 applies to es- 
sentially elliptical fractures. 


dx ellipse ~ 39 n’ H” 


essentially zero eccentricity is (5° 


(C-9) 
TABLE 2 
Speed of Rotor Rate of Shear 
(rpm) (seconds?) 
959 
300 A779 
200 320 
100 160 
6 9.6 
3 4.8 
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By substituting in the Sneddon equation for the width 
of a two-dimensional elliptical crack (Eq. A-10) and 
by assuming that the flow rate is independent of x, 
Eq. C-9 can be integrated. Substitution of the resulting 
(P — oa) into Eq. A-10 yields Eq. C-10. 

{ (2n’ + 2) L) 


(C-10) 


Equation C-10 can be written with a more conven- 
ient set of units as shown by Eq. C-11. 


where ¢ = ( 
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where W = maximum crack width at the wellbore, in., 
k’ = a measure of the flow properties of a non- 
Newtonian fluid, (Ib) (sec)"’/sq ft, 
=a measure of the flow properties of a non- 
Newtonian fluid, 
Q = total injection rate, bbl/min, 
L = length of a vertical fracture measured 
from the wellbore, 
H = height of a vertical fracture, ft, and 
E = Young’s modulus of the formation rock, 
psi. 
Eq. C-11 is plotted as Fig. 8. 


APPENDIX D 


DERIVATION OF AN EQUATION GIVING 
APPROXIMATE CRACK WIDTHS 
FOR HORIZONTAL FRACTURES 


Let us derive an approximate relationship which will 
give the order of magnitude for horizontal crack widths 
if the fluid is in laminar flow. Assume that there is 
some average crack width in the fracture and that this 
average width can be used to get the approximate pres- 
sure distribution. Then for a radial system and fluid in 
laminar flow, the pressure distribution is given by Eq. 
D-1. 


Quiln—— 
where P = pressure at radius r, 

P,, = pressure at the wellbore, 

= radius of the wellbore, 

QO = total injection rate, 

p = viscosity of the fluid, 

8 = 10°/12 darcies /sq cm (a constant), and 
W, = average crack width. 


The average pressure exerted over the fracture face 
is given by Eq. D-2. 


Cc 


= 
( ) 


Substituting Eq. D-1 into Eq. D-2 and integrating 
yields Eq. D-3. 


2 Vw 4 C 4 


Sneddon” shows that, for a three-dimensional radi- 

ally symmetrical crack, the width is given approxi- 
mately by Eq. D-4. 


Based on volume, the average width is related to 
maximum width by Eq. D-S. 


(D-4) 


W max = Wares 
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By noting that the pressure at the leading edge of 
the crack is equal to the earth stress, substitution of Eqs. 
D-1, D-3 and D-5 into Eq. D-4 yields Eq. D-6. 
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for any practical size of fracture. Assuming v = 0.15, 
Eq. D-7 gives the approximate crack width at the well- 
bore with a more convenient set of units. 
1/4 
W(in.) = 0.22 Q(bbl/min) (cp) C(ft) 
E(psi) 


may be assumed equal to unity 


(D-7) 


This derivation assumes that the crack width results 
from compression of rock in the vicinity of the frac- 
ture. If the radius of the fracture is large compared to 
the depth, then it will be possible to lift the overburden 
as well as compress the rock near the fracture. Let us 
now consider crack widths if the overburden is lifted. 


Again it is assumed that there is an average pressure 
acting in the fracture given by Eq. D-3. The deflection 
of an elastic plate which is clamped at the edges has 
been given by Timoshenko,” Way,” and Weil and New- 
mark.” If the center deflection of the plate is less than 
40 per cent of the plate thickness, then the deflection is 
given by Eq. D-8. 


Z 
.(D-8) 
where 8, = upward deflection of the plate at radius r, 
and 
Z = thickness of the plate (or depth of the frac- 
ture). 


The rock below the fracture is compressed slightly; 
the downward deflection is given approximately by 
Sneddon’s equation, Eq. D-9. 


(D-9) 
The maximum width at the wellbore 
is given by Eq. D-10. 


ave o)(1 — CL 4 = | 


E Z 
Based on deities the average "width can be related 
to maximum width as shown by Eq. D-11. 


Cc 
Weve 


o) 


14 16 
By noting that the pressure at the leading edge of the 


(D-11) 
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crack is essentially equal to the earth stress, substitution 
of Eqs. D-1, D-3 and D-11 into Eq. D-10 yields Eq. 


2 4 3 ENS 


(D-12) 


This gives a crack width equal to that calculated for 
deep horizontal fractures (Eq. D-6) when C/Z = 4/3. 
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Hence, Eq. D-12 is applicable if C = 4/3 Z. Neglect- 


r 


ing the term |1 — (5 | , assuming v = 0.15 and sim- 


plifying units results in Eq. D-13. 


4 3 37 4\ 1/4 

Q(bbI/min) + | 

0.0765 

+ 
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Model Studies of Oil Displacement from Thin Sands by 
Vertical Water Influx from Adjacent Shales 


ABSTRACT 


In reservoirs containing soft shales 
interbedded with oil-producing sands, 
it is possible to have water move- 
ment from the shales into the sands 
during reservoir depletion. 


This paper presents the results of 
scaled flow-model tests performed to 
investigate the efficiency of oil dis- 
placement by this vertical influx of 
water into oil-producing sazds. In 
these model tests, the effects of rate 
of influx and rock wettability were 
considered. 

Oil recoveries by shale-water in- 
flux and by water flooding were com- 
pared after 0.4 hydrocarbon volume 
of water entered the producing sand. 
This comparison was made for 
water-wet and oil-wet systems. In 
water-wet sand, shale-water influx 
produces slightly less oil than con- 
ventional water flooding; in oil-wet 
sand, shale-water influx produces 
about one-half as much oil as con- 
ventional water flooding. In another 
type of comparison, it was found 
that shale-water influx followed by 
water flooding recovers less oil than 
water flooding alone. This is true for 
both water-wet and oil-wet sands. A 
comparison of tests run at different 
rates of shale-water influx shows that 
oil recovery is insensitive to rate in 
water-wet sand; in oil-wet sand, oil 
recovery decreases with decreasing 
rate of influx. 


INTRODUCTION 


Localized subsidence of the earth’s 
surface has accompanied the deple- 
tion of some oil reservoirs, particu- 
larly in California,”’ along the Texas 


Original manuscript received in Society of 
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Gulf Coast,** and in the Bolivar 
Coastal fields of Venezuela.° Subsi- 
dence occurs when fluid withdrawals 
reduce the pressure in the reservoir. 
The reasons for subsidence accom- 
panying a reduction in reservoir pres- 
sure are not known with certainty.*** 
However, there is considerable evi- 
dence that compaction of soft shale 
beds adjacent to producing oil sands 
can be a major cause of this subsi- 
dence.**** When the shales com- 
pact, a limited amount of water 
moves from the shales into the pro- 
ducing sands. A schematic illustra- 
tion of this oil-producing mechanism 
is shown in Fig. 1. As the pressure 
in the sand declines due to oil pro- 
duction, a predominantly vertical 
pressure gradient develops at the 
sand-shale boundary. This causes 
water to move from the shale into 
the sand as indicated by the solid 
arrows. 


This paper reports the results of 
scaled flow-model tests to investigate 
the efficiency of oil displacement by 
the vertical influx of shale water 
into producing sands. The model 
tests were not performed with the 


SURFACE 
SUBSIDENCE 


Fic. 1—SuHALE CONSOLIDATION PRopUCING 
MEcHANISM. 
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aim of duplicating the recovery be- 
havior of any specific reservoir. The 
primary purpose of the tests was to 
obtain a better understanding of oil 
displacement by shale-water influx. 
A knowledge of the oil- and water- 
production characteristics of even a 
simplified reservoir system should be 
of value to engineers estimating the 
performance of reservoirs where 
shale-water influx is occurring in 
conjunction with other production 
mechanisms. The following limita- 
tions and assumptions apply to the 
model work. 

1. The sand of the prototype res- 
ervoir is homogeneous and horizon- 
tal. 

2. The shale-water influx is uni- 
formly distributed along the top and 
bottom of the sand member being 
studied. 


3. No effects of edge-water drive 
or dissolved-gas drive that might ac- 
company shale-water influx are con- 
sidered. 


PROTOTYPE RESERVOIRS 


Scaled-model tests were performed 
to study oil displacement from three 
prototype reservoir sections. The res- 
ervoir sections modeled consist of 
single sand layers out of a sequence 
of sand and shale layers, as illus- 
trated in Fig. 1. Each prototype rep- 
resents a homogeneous, high-permea- 
bility, unconsolidated sand layer. In 
the field, the prototype is oriented in 
such a manner that one end is at the 
radius of drainage of a producing 
well and the other end is pointed to- 
ward the producing well (Fig. 2). 

The sand and fluid properties and 
the dimensions of the three proto- 
types are given in Table 1. The capil- 
lary pressure relationships for the 
three prototypes are presented in 
Figs, 3, 4 and 5. The oil-water per- 
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meability ratio curves for the proto- 
types are presented in Fig. 6. Proto- 
type 1 is a strongly water-wet sand 
layer containing viscous crude oil. 
Prototype 2 is also strongly water- 
wet but has a narrower range of pore 
sizes (Figs. 3 and 4) and contains oil 
of lower viscosity than does Proto- 
type 1. Prototype 3 is similar to Pro- 
totype 2 except that it is a strongly 
oil-wet sand layer. 


SCALING CONDITIONS 


The generalized scaling relation- 
ships proposed by Rapoport” were 
used in designing and operating the 
laboratory flow models to give re- 
sults representative of field behavior. 
In using these relationships, the fol- 
lowing scaling principles were ap- 
plied. The geometry, boundary con- 
ditions, relative permeabilities and 
liquid viscosity ratio were the same 
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for model and prototype. The ratio 
of gravitational gradient to capillary 
pressure gradient and the ratio of 
capillary pressure gradient to flowing 
pressure gradient were the same for 
model and prototype. The capillary 
pressure curves for model and proto- 
type were similar in shape. 

In the scaling where the slope of 
the capillary pressure curve is 
needed, imbibition capillary-pressure 
functions were used for the water- 
wet systems and drainage capillary- 
pressure functions were used for the 
oil-wet system. Drainage capillary- 
pressure functions were used in ap- 
proximating the permeability of the 
prototypes for both water-wet and 
oil-wet systems. 


MODEL DESCRIPTION 


Two models were used—one for 
the water-wet studies and one for the 
oil-wet studies. The model for the 
water-wet studies consisted of a rec- 
tangular aluminum box packed with 
water-wet glass beads to simulate 
the sand member. A schematic longi- 
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Curve, O1L-weT PrototyPeE 3. 


tudinal section of the model is pre- 
sented in Fig. 7. 

The bead pack was 210-cm long, 
3.8-cm wide and 5.5-cm thick. The 
top and bottom of the model were 
each lined with 10 strongly water- 
wet alundum plates, having a per- 
meability of 40 md. These plates 
were required to distribute the in- 
jected water uniformly over the en- 
tire length and width of the bead 
pack to simulate entry of shale water 
into the producing sand. 


To insure the uniform injection 
of water along the length of the bead 
pack, a separate pump was used to 
supply water to each alundum plate. 
The outlet end of the model was 
tapered down to a very small cross- 
sectional area to minimize capillary 
end effects and the associated hold- 
up of water at the outlet face by 
increasing the pressure drop across 
the outlet. 


The glass beads used were ap- 
proximately 120 microns in diame- 
ter. They were treated with 10 per 
cent hydrochloric acid, repeatedly 
washed with distilled water and, fi- 
nally, heated to 550°C to assure 
that they were strongly water-wet. 


The model used in the oil-wet 
tests was similar in construction and 
geometry to the model used in water- 
wet tests. The oil-wet model was 
152-cm long, S-cm wide and 5-cm 
thick. The model was packed with 
120-micron diameter beads that were 
preferentially oil-wet by “dri-filming”. 
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The rates of water injection into 
the alundum plates required to simu- 
late field rates of shale-water influx 
were of the order of .5 ml/day for 
each plate. A 20-piston positive- 
displacement pump was constructed 
to supply water at this low constant 
rate without pressure-pulsing. The 20 
pistons were advanced by microme- 
ter heads which were simultaneously 
driven through a gearing arrange- 
ment by a variable-speed DC motor. 
All equipment was contained in a 
thermostatically controlled room at 
a temperature of 25°C. 


The fluids used in the water-wet 
studies consisted of mixtures of re- 
fined white oils and water solutions 
of potassium bromide. Bromide solu- 
tions were used to provide the re- 
quired density differences between 
water and oil for gravity scaling. For 
the scaled experiment simulating 
Prototype 2, both the oil and water 
phases contained isopropyl alcohol 
to provide the required low inter- 
facial tension (Table 1). For the ex- 
periments simulating Prototype 1, no 
alcohol was required to attain the 
desired interfacial tension. The fluids 
used for the oil-wet studies (Proto- 
type 3) were distilled water and 
“Halocarbon 4-11-V”, a low polymer 
of chlorotrifluoroethylene with a den- 


sity of 1.86. Both fluids contained 
isopropyl alcohol to provide the re- 
quired interfacial tension. Halocar- 
bon was selected because of its high 
density and chemical stability. 


PROCEDURES 


SHALE-WATER INFLUX TESTS 


Six model tests were performed to 
study oil recovery by shale-water in- 
flux. Two of the tests simulated 
water-wet Prototype 1, one test simu- 
lated water-wet Prototype 2 and 
three tests simulated oil-wet Proto- 
type 3. A connate-water saturation 
of 8 per cent + | per cent pore vol- 
ume was established before each test 
in the water-wet model by oil- 
flushing an initially water-saturated 
model. The tests in the oil-wet model 
were performed with no connate 
water present. During the constant- 
rate shale-water influx tests, water 
was injected uniformly over the top 
and bottom of the bead layer 
through the 20 alundum plates. Both 
injected water and displaced oil then 
moved toward the outflow, or down- 
stream, end of the model. No fluid 
was injected into the upstream end 
of the model, which represents the 
end of the prototype at the radius of 
drainage of a producing well (Fig. 2). 


TABLE 1—MODEL AND PROTOTYPE CHARACTERISTICS 


Model 1 Prototype 1 Model 2 Prototype 2. Model 3 Prototype 3 
Sand Properties 
Permeability, md 7,500 2,000 7,500 1,700 13,500 1,700 
Porosity, per cent 37 34 37 35 39 35 
Capillary-Pressure Pe Pc = 4.06 po Pc Po =9.4 pe Pc Pc = 5.0 po 
Function, psi — 0.61 
Wettability* Www Www WW WW OW OW 
Contact Angle (in 
wetting phase) 25-35 45-65 25-35 45-65 25-35 45-65 
Fluid Properties (at 
Reservoir Conditions) 
Water Viscosity, cp 0.85 0.47 1.25 0.45 1.05 0.45 
Oil Viscosity, cp 55.0 30.4 11.80 4.25 10.00 4.28 
Oil-Water Viscosity 
Ratio 64.7 64.7 9.44 9.44 P52 9.52 
Water Density, gm/cc 1.19 0.99 2 0.99 0.99 0.99 
Oil Density, gm/cc 0.87 0.92 0.84 0.81 1.86 0.81 
Density Difference, 
gm/cc 0.32 0.06 0.43 0.18 0.87 0.18 
Interfacial Tension, 
dynes/cm 50.7 30 10.6 30 20.0 30 
Dimensions 
Length, meters 2.10 45 2.10 47 52, 
Thickness, meters 0.055 1.2 0.055 fe 0.050 1.2 


*WW = Water-Wet, OW = Oil-Wet. 


In scaling the effect of gravity in 
the oil-wet prototype, it was more 
convenient to make the oil phase 
heavier than the water phase in the 
model by using Halocarbon as the 
oil phase. Thus, the direction of 
gravity-segregation effects in the 
model was opposite to that existing 
in the field. This means that the 
bottom of the model simulates the 
top of the sand layer in the field, 
and vice versa. However, the over- 
all effect of gravity on oil and water 
production from the model is the 
same as if the water had been a 
dense phase instead of the oil. 


WATER FLOODING 
FOLLOWING INFLUX 


Tests were performed to investi- 
gate the efficiency of normal water 
flooding following limited shale- 
water influx into both oil-wet and 
water-wet models. For the oil-wet 
model, this was accomplished by 
stopping shale-water influx into the 
sides of the model after the injec- 
tion of 0.4 hydrocarbon volume and 
commencing water injection at the 
upstream end of the model. This ap- 
proach could not be used in the 
water-wet model because water, by- 
passing through the alundum plates 
that line both sides of the model, 
caused excessive water production. 
To avoid this difficulty, a linear 
flooding cell was used to investigate 
normal water flooding following lim- 
ited shale-water influx for the water- 
wet system. The linear flooding cell 
contained the same size glass beads 
and was saturated with the same 
fluids used in the shale-water influx 
tests. The average initial oil satura- 
tion at the beginning of the linear 
test was the same as that existing at 
the end of the shale-water influx 
test. The initial oil saturation in the 
linear cell was established by simul- 
taneous flow of oil and water through 
the cell until the desired equilibrium 
oil saturation was obtained. The lin- 
ear cell was then water flooded. The 
results of this test should give a good 
indication of the behavior of a water 
flood following shale-water influx, 
even though the initial saturation dis- 
tribution in the cell was not exactly 
the same as that existing at the end 
of shale-water influx. 


REFERENCE WATER FLOODS 
Linear floods of cells packed with 
the same glass beads used in the 
shale-water influx models were per- 
formed for comparison with the re- 
sults obtained from the shale-water 
influx tests. Prior to the reference 
waterflood of the water-wet beads, 
an 8 per cent pore volume connate 
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water was established by flushing the 
water-saturated cell with oil. No con- 
nate water was present during the 
reference water flood of the oil-wet 
beads. 


DISCUSSION OF RESULTS 
EFFECT OF RATE 

The results of the two scaled ex- 
periments performed to simulate 
water-wet Prototype 1 containing a 
high-viscosity oil are presented in 
Fig. 8. It will be noted that no sig- 
nificant difference in oil recovery 
was observed for rates of shale-water 
influx of 0.01 to 0.04 hydrocarbon 
volume/year. The small difference in 
oil recovery indicated between the 
ewo tests is within the range of ex- 
perimental error. 


The effect of rate on the oil re- 
covery from oil-wet Prototype 3 for 
scaled field rates of 0.026, 0.06 and 
0.16 hydrocarbon volume/ year is il- 
lustrated in Fig. 9. The figure shows 
that the oil-displacement efficiency 
by shale-water influx decreases with 
decreasing rates of influx. However, 
the variation of displacement effi- 
ciency with rate is small. The rate of 
0.16 hydrocarbon volume/year is 
above the rate of influx to be ex- 
pected in most reservoirs. The reduc- 
tion of oil recovery with a decrease 
in rate is believed to be caused by 
the adverse effects of capillary and 
gravity forces, both of which have a 
greater influence on oil displacement 
as the rate of influx decreases. 

The recovery data for both the 
water-wet and oil-wet tests are ex- 
pressed as per cent of hydrocarbon 
volume. In the water-wet tests, a 
hydrocarbon volume is equal to 92 
per cent of a pore volume. In the 
oil-wet tests, a hydrocarbon volume 
is equal to 100 per cent of a pore 
volume because no connate water 
was present during the oil-wet tests. 


COMPARISON WITH 
LINEAR WATER FLOODS 


A comparison of oil recovery by 
shale-water influx to that by water 
flooding is given in Fig. 8 for water- 
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wet Prototype 1. The recovery by 
Shale-water influx is about 85 per 
cent as efficient as linear water flood- 
ing after 0.4 hydrocarbon volume of 
water influx. The comparison was 
made only up to 0.4 hydrocarbon 
volume of water injected because 
shale-water influx in the reservoir 
will normally be limited and prob- 
ably will not exceed 0.4 hydrocarbon 
volume. 


Oil recovery by shale-water influx 
in oil-wet Prototype 3 was found to 
be considerably less efficient than 
that by normal water flooding. Fig. 
9 shows that the oil recovery by 
linear water flooding is over twice as 
great as that by the shale-water in- 
flux after a cumulative influx of 0.4 
hydrocarbon volume. 


WATER FLOODING FOLLOWING 
SHALE-WATER INFLUX 

To obtain an estimate of the 
amount of oil that could be recoy- 
ered by water flooding after shale- 
water influx, a composite curve of 
oil recovefy by shale-water influx 
followed by linear water flooding for 
the water-wet Prototype 1 is given in 
Fig. 10. The figure shows that injec- 
tion of 1.0 hydrocarbon volume of 
water following shale-water influx 
gives an additional 14 per cent 
hydrocarbon volume oil recovery. 
However, the oil recovery by shale- 
water influx followed by water flood- 
ing is still only 92 per cent of the 
recovery by linear water flooding 
alone at 1.4 hydrocarbon volumes of 
water injected. 


Similar data for oil-wet Prototype 
3 are given in Fig. 11. After influx 
of 0.4 hydrocarbon-volume shale 
water at a rate of 0.026 hydro- 
carbon volume/year, linear flooding 
with 1.0 hydrocarbon volume of 
water gave an additional oil recovery 
of 28 per cent hydrocarbon volume. 
The combined oil recovery from 0.4 
hydrocarbon volume shale-water in- 
flux and 1.0 hydrocarbon volume of 
linear water flooding gave only 72 
per cent as much oil recovery as 
would be obtained by linear water 
flooding alone at 1.4 hydrocarbon 
volumes of water injected. 
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EFFECT OF WETTABILITY 

An exact comparison of the ef- 
fect of wettability on oil recovery 
by shale-water influx cannot be made 
with the data collected in these 
studies. However, a run simulating 
water-wet Prototype 2 was made at 
a rate of water influx of 0.16 -hydro- 
carbon volume/year, which is the 
same rate as one of the tests run 
for oil-wet Prototype 3. From Table 
1 it can be seen that Prototypes 2 
and 3 are similar. Thus, an indica- 
tion of the effect of wettability can 
be obtained by comparing the results 
of these two tests. This is done in 
Fig. 12, which shows that the oil re- 
covery from the oil-wet prototype is 
less than from the water-wet proto- 
type, giving only 66 per cent as 
much recovery at 0.4 hydrocarbon 
volume shale-water influx. 


CONCLUSIONS 


1. For a water-wet porous me- 
dium containing high-viscosity oil, 
recovery Was found to be independ- 
ent of rate of shale-water influx over 
the range of rates studied. For an 
oil-wet porous medium containing 
medium-viscosity crude oil, recovery 
decreased with decreasing rate of 
shale-water influx. 


2. A comparison of oil recoveries 
by shale-water and by normal water 
flooding when 0.4 hydrocarbon vol- 
ume of water had entered the model 
showed that (a) shale-water influx 
into a water-wet porous medium pro- 
duced slightly less high-viscosity oil 
than water flooding, and (b) shale- 
water influx into an oil-wet porous 
medium produced about one-half as 
much medium-viscosity oil as water 
flooding. 

3. Injection of 1.4 hydrocarbon 
volumes of water during a normal 
water flood gave a higher oil re- 
covery than did an influx of 0.4 
hydrocarbon volume of shale water 
followed by injection of 1.0 hydro- 
carbon volume of water during nor- 
mal water flooding. This is true for 
both water-wet and oil-wet systems. 
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4. In tests where shale-water in- 
flux displaced a medium-viscosity oil, 
the efficiency of oil displacement was 
greater from the water-wet model 
than from the oil-wet model. 
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Fractures and Craters Produced in Sandstone by 
High-Velocity Projectiles 
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DISCUSSION 


A. A. WENGHIATTIS 
MEMBER AIME 


This paper is discussed not because of its intrinsic 
value but because it has been related by its authors to 
the oilwell gun perforators. It is well known that con- 
ditions almost ever present in oilwell perforations are 
the overburden and the presence of the casing. 


Because of the lack of information in the paper on 
the dimensions or confinement of the target rocks, one 
is led to guess that they were not confined at all and, 
particularly, that no steel front plates were used on the 
impact face of the rocks to materialize the presence of 
the cemented casing. 


This situation, plus the fact that small steel balls 
have been used as projectiles instead of actual bullets, 
makes the whole thing unapplicable to oilwell perfora- 
tion. 


When shooting is performed against target rocks con- 
fined (as shown on Fig. 1) in such a way as to give 
a fair image of the overburden applied to the formation 
to be perforated, as well as of the cemented casing, the 
following are found. 


1. There is no cratering worthy of mention, even 
with bullets having 10 times higher impact energy per 
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unit projected area than the steel balls mentioned in 
the article. This has been confirmed with sandstone as 
well as with other rocks (granite, limestone and chalk). 
See Figs. 2 and 3. 


2. Penetrations vary closely as the logarithm of the 
impact velocity. On this matter I have established the 
relation 


23 = “) 
a 
+ 
RA log (1 bRV’), 


which applies with a + 10 per cent approximation to 
penetration in metals or rocks, with X being the total 
penetration, 6 the density of the bullet, R its radius, V 
its impact velocity and 2a its ogive angle; n is an adapta- 
tion exponent and A the Brinell hardness in the use of 
metals with A = (P X 10°)°* cm/gm/sec in the case 
of rocks, P being their compressive strength. In the 
case of targets as shown on Fig. 1, the constants a and 
b have the following values. 
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MATERIAL TEST NO. DATE 4-21-58 
TEST MADE PER PERM.LAB 
\ PROCEDURE 
ENTRANCE HOLE(STEEL) _042 
| ENTRANCE HOLE(BEREA) 041 
MAX.DIAMETER HOLE 1.37 
CORE LENGTH 10.00 
\ 
SHOOTING CONDITIONS 
WELL PRESS.(psii) 
@ FORMATION PRESS\psii) _ 1000 
WELL TEMP (°F) __194 
HORIZONTAL FIRING 
WELL FLUID SALT WATER 
Ne 
CORE DATA 
ZZ ‘\ CORE PERM. (Md) 2332 
i CORE POROSITY (%) 207 
LEE SATURATION (%) 
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KERNELS OF TARGET 
MATERIAL TEST NO.219 DATE 4-22-58 
TEST MADE PER PERM.LAB. 


PROCEDURE 


ENTRANCE HOLE(STEEL) _0.469 


| 

| ENTRANCE HOLE(BEREA) _0.38 

MAX. DIAMETER HOLE 

[ AP CORE LENGTH 12.00 

SHOOTING CONDITIONS 

2 WELL PRESS(ps.i) 1500 
FORMATION PRESS.(p.s.i.) 1000 
WELL TEMP (°F) 196 
y STANDOFF (inches) 50 
\ HORIZONTAL FIRING 
° WELL FLUID SALT WATER 
Kh CORE DATA 
CORE PERM. (Md.) 398 
; CORE POROSITY (%) 21.9 
SATURATION (%) 67.7 


PERFORATOR DATA 


GUN 0.D 
BULLET OD. 
POWDER LOAD 


Fre. 3—BuLiet PERFORATION OF SANDSTONE IN 
Satt-WaTeER ENVIRONMENT. 


a= em/em/sec 
and b = 10° cm/gm/sec, 


with n = 0.4. These values apply as well to all-metallic 
targets. 


3. No formation of step fractures as shown in Fig. 3 
of the paper has ever been observed except in one unique 
case out of hundreds, where it is believed that a steel 
plate supporting the back of the target was at such a 
distance of the front face that a reflected pressure wave 
had interfered with the oncoming one. 


A word also should be said about the presence of a 
fluid in most oilwell perforations. This affects apprec- 
iably the profile and the condition of the perforation as 
in favorizing, for example, the formation of a compact 
carrot of aggregated target material filling the perfora- 
tion behind the bullet (Figs. 2 and 3). 


This effect has never been observed in the absence of 
well fluid. 


AUTHORS’: REPLY TO A. A. VENGHIATTIS 


The authors wish to thank A. A. Venghiattis for his 
interesting and informative discussion of the paper. The 
rock specimens used in the impact tests were uncon- 
fined, no attempt having been made to simulate oilwell 
perforations. The fractures which were observed below 
the cup of the crater have not been described in the 
literature, and the authors thought that they would be of 
interest to the oil industry. If these fractures can be pro- 
duced in oilwell perforation work, the area of the pas- 
sage-ways through which the oil can flow could be 
greatly increased. It may be possible to produce a free 
face to which the crater can form by such unique 


methods as using shaped charges and builet perforators 
in conjunction with each other. 

The sandstone used has tensile, compressive and 
shear strengths of 50, 2,780 and 300 psi, respectively 
— considerably lower than the Berea sandstone. In tests 
using sandstones of higher strengths, the number of 
fractures below the cup of the crater decreased. It is 
possible that, if the sandstone described in one paper 
had been used in Venghiattis’ experiments instead of 
the Berea sandstone, the fractures would have been 
formed in the oilwell perforation tests. Kk 
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ABSTRACT 


Work on the calculation of vertical two-phase flow 
gradients by Cia. Shell de Venezuela has been based 
mainly on the “energy-loss” method proposed by Poett- 
mann and Carpenter in 1952. 

The “energy-loss-factor’ correlation proposed by 
Poettmann and Carpenter was based on relatively low- 
rate flow data. This correlation proved inapplicable to 
high-rate flow conditions. In an attempt to establish a 
satisfactory correlation for high rates, a series of experi- 
ments was carried out at rates up to 5,000 B/D in 
Cia. Shell de Venezuela’s La Paz field in Venezuela, 
using tubing strings fitted with electronic surface-record- 
ing pressure elements. 

As a result of these experiments a correlation be- 
tween energy-loss factor and mass flow rate was estab- 
lished which is believed to be applicable to a wide 
range of conduit sizes and crude types at high flow 
rates (e.g., above 900 B/D for 2%-in. OD tubing). It 
is anticipated that the resulting gradient calculations 
will have an accuracy of the order of += 5 per cent. 

At lower flow rates the energy-loss factor cannot be 
considered as constant for any mass rate of flow, but 
varies with the free gas in place and the mixture ve- 
locity. No satisfactory correlating parameter was ob- 
tained. As a practical compromise for low flow rates, 
a modification of the curve proposed by Poettmann and 
Carpenter was used. In practice this was found to give 
gradient accuracies of approximately + 10 per cent 
down to flow rates as low as 300 B/D in 2%-in. tubing. 


INTRODUCTION 


Production operations in Cia. Shell de Venezuela’s 
light- and medium-crude fields are principally con- 
cerned with high-rate flowing or gas-lift wells. Under 
these conditions the analysis of well performance, the 
selection of production strings and the design of gas- 
lift installations are vitally dependent on an accurate 
knowledge of the pressure gradients involved in vertical 
two-phase flow. 

Initially, attempts were made to establish the gradi- 
ents empirically as done by Gilbert,’ but the results 


*Recently transferred by Shell to Indonesia. 
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were not reliable due to scarcity of data over a full 
range of rates and gas-oil ratios. Several methods of 
calculation based on energy-balance considerations were 
attempted, but the computations were cumbersome and 
the results discouraging. In 1952 a paper was published 
by Poettmann and Carpenter’ which proposed a new 
approach. Their method was also based on an energy- 
balance equation, but it was original in that no attempt 
was made to evaluate the various components making 
up the total energy losses: Instead, they proposed a 
form of analysis which assumed that all the significant 
energy losses for mutiphase flow could be correlated in 
a form similar to that of the Fanning equation for 
frictional losses in single-phase flow. They then derived 
an empirical relationship linking measurable field data 
with a factor which, when applied to the standard form 
of the Fanning equation, would enable the energy 
losses to be determined. 

The basic method was applied in Venezuela to the 
problem of annular flow gradients in the La Paz and 
Mara fields’. This involved establishing a new energy- 
loss-factor correlation to cover high flow rates and, 
also, some adaptation of the method to permit mechan- 
ized calculation using punch-card machines. The final 
result was a set of gradient curves for La Paz and 
Mara conditions which proved to be surprisingly ac- 
curate. 

With the encouraging results of the annular flow 
calculations, several attempts were made to obtain a 
corresponding set of curves for tubing flow. Here, un- 
fortunately, little progress could be made. The original 
correlation of Poettmann and Carpenter was based on 
rather limited data derived from low-rate observations 
in 2¥%- and 2%-in. OD tubing. It did not cover the 
higher range of production rates, and extrapolation 
proved unsuccessful. 

A new correlation covering high flow rates was re- 
quired, but this proved to be extremely difficult to estab- 
lish since tubing flow pressure measurements at high 
rates did not exist—due to the difficulty of running 
pressure bombs against high-velocity flow. 

The necessity for reliable tubing flow data increased 
with the development of the new concessions in Lake 
Maracaibo, where high-rate tubing flow from depths 
of 10,500 ft became routine. 

Thus, it was decided to set up a full-scale test to 
establish a reliable energy-loss factor for tubing flow 
conditions. A La Paz field light-oil producer with a 
potential of approximately 12,000 B/D on annular flow 
was chosen. To obtain full pressure gradients, a special 
tubing string was installed which was equipped with 
electronic surface-recording pressure measuring devices, 
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located at intervals in the string. The production rate 
was varied by means of adjustable bottom-hole chokes, 
and by this means a set of gradients covering a wide 
range of flow rates was obtained for both 2%- and 
3%4-in. OD tubing. 

This paper describes the analysis of the experimental 
results, the establishment of the energy-loss correlation 
and the accuracy of the resulting depth-pressure gra- 
dients. 


THE GRADIENT EQUATION 


From energy-balance considerations, Poettmann and 
Carpenter’ derived the following relationship for the 
pressure gradient in vertical two-phase tubing flow. 


where A p = pressure difference (in psi) between any 
two points in the vertical conduit, 
Ah = difference in height (in ft) between the two 
points, 
= integrated average density (in lb/cu ft) of 
the two-phase mixture between the two 
points, 
oil flow rate (in STB of oil/D), 


Q 
M = total mass (in lb of the gas and oil asso- 
ciated with 1 bbl of tank oil), 


D = inside diameter (in ft) of the pipe, and 
f = dimensionless factor used as the correlat- 


ing function for total energy loss due to ir- 
reversibilities of the fluid in flow. 


Eq. 1 is the basic form employed in this paper. 


To establish a correlation linking the energy-loss 
factor f with field data, Poettmann and Carpenter re- 
tained the analogy with single-phase flow and the 
Fanning equation by correlating f against the product 
of diameter, density and velocity, D pv, which cor- 
responds to the numerator of the Reynolds number. 
The viscosity term, which forms the denominator of 
the Reynolds number, could not be evaluated for two- 
phase flow conditions and is ignored. This appeared to 
be a logical development, for as Poettmann and Car- 
penter point out: “The fact that viscosity is not one of 
the variables involved in the vertical multiphase flow 
is both fortunate and to be expected. This is because 
of the fact that the degree of turbulence is of such a 
magnitude that, of the total energy loss, W,, that por- 
tion resulting from viscous shear is negligible”. Various 
other workers in this field’* have made the same ob- 
servation. 
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In terms of field units, the D pv term is equivalent 
to mass rate of flow divided by diameter or, in the 
terms already defined, OQM/D. 


THE LA PAZ EXPERIMENTS 


FIELD INSTALLATION AND DATA 

A packer was set in the casing at 6,250 ft just above 
the productive interval. The tubing string was latched 
into the packer and carried surface-recording Maihak 
pressure-transmitting elements spaced at approximately 
1,000-ft intervals in the lower part of the string and 
500-ft intervals in the upper part. The pressure ele- 
ments were connected to the outside of the tubing on 
“limpet’-type gas-lift valve mandrels and, thus, offered 
no impedance to flow within the tubing. The well was 
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produced on tubing flow against a constant tubinghead 
pressure, which was maintained by a_back-pressure 
regulator. Different flow rates were obtained by means 
of retrievable bottom-hole chokes set in an Otis nipple 
immediately above the packer. This arrangement en- 
abled the tubinghead pressure to be maintained at a 
constant value for all flow rates. Two separate installa- 
tions were used, one employing 312-in OD EU tubing, 
the other 27 -in. 


The stability and repeatability of the pressure-record- 
ing elements under operating conditions were found to 
be excellent. Recalibration of the elements after their 
use in the 3!4-in. tubing string indicated no change in 
the calibration constants—notwithstanding that, in the 
period after completion of the 312-in. test and before 
recalibration, the instruments had been subjected to the 
buffeting turbulence of casing flow for some six months. 


Since the recalibration was carried out in a different 
instrument shop, on a different tester, by different 
personnel and gave identical results to the first cali- 
bration, it is safe to assume that the stability of the 
instruments during the period of the actual test can be 
relied upon and that an accuracy of + 1 per cent in 
the subsurface pressure readings can be expected. 


The tubinghead pressure was read from a new man- 
ometer gauge, calibrated especially for the experiment 
and capable of + 1-psi accuracy over the pressure 
range considered. 


Special precautions were taken to ensure that the 
oil and gas gauging procedure was as accurate as pos- 
sible. The GOR figures quoted are based on gas pro- 
duction from a single-stage 60-psig separator. 


The well was always in gauge at the time that the 
pressure measurements were being taken. 


The survey results from the test in 312-in. and 27% -in. 
tubing are detailed in Tables 1 and 2, respectively, and 
examples of the gradient curves drawn from the results 
are shown in Fig. 1. 


The maximum deviation of the observed points from 
the smooth curve was generally less than 2 per cent, 


TABLE 1—DATA FROM 31/2-in. OD TUBING FLOW EXPERIMENT 


Maihak Pressures (in psia) 
at Depths Shown (ft) 


Prod. GOR THP 
(B/D) (vol/vol) (psia) 488 993 1494 1998 4015 5018 5989 
5082 129 165 290 400 500 615 1041 1250 1565 
5051 129 167 290 404 498 615 1045 1238 1539 
4931 128 167 290 403 493 609 1034 1228 1517 
4780 124 165 275 380 472 605 1004 1206 1485 
4321 129/130 164 269 365 447 558 941 1137 1401 
4057 123 165 256 336 402 511 866 1079 1346 
3799 122 165 250 330 — A493 850 1052 1313 
3264 132 165 243 315 378 468 773 950 1168 
3113 133 165 231 299 353 438 735 914 1144 
2245 12 165 218 263 314 321(?) 593 744 945 
1937 131 161/169 211 260 299 365 558 685 845 
1346 122 165 92227, 9252299 454 558 719 
956 128 165/167" 225" 92407 295 445 505 640 
176 135 2159227) 265 373 473 569 


TA8LE 2—DATA FROM 27/s-IN. OD TUBING FLOW EXPERIMENT 


Maihak Pressures [in psia) 
at Depths Shown (ft) 


Prod. GOR THP 


(B/D) (vol/vol) (psia) 516 1010 1998 3019 4007 5018 6001 
3189 132 150 504 427 647 888 1125 1387 1618 
3164 129 150 298 Al6 629 862 1093 1356 1580 
3013 132 150 295 413 627 856 1083 1339 1563 
2881 132 150 288 401 606 830 1046 1296 1517 
2692 136 150 284 389 583 802 1010 1265 1471 
2510 140 150 271 370 555 762 959 1186 1396 
2025 135 147/159 250 328 473. 654 822 1037 1219 
1881 148 138/162 238 312 962139. 
1648 137 145/165 239 295 420) 9575) 714 — 1056 
1252 142 145/157 1 6 471 577723) 834 


217 256 34 
818 162 135/181 191/255 231/255 305 405 481 586 677 
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and the arithmetic mean deviation of all observed points 
from the smooth curves was 0.15 per cent. 


LABORATORY DATA 

From surface samples of oil and gas taken from the 
well immediately prior to the vertical flow experiments, 
a set of pressure-density curves was obtained for GOR’s 
of 119.9, 131.5 and 141.1 vol/vol at temperatures of 
i40°, 160° and 180°F. 

These curves formed the basis for the pressure- 
density calculations made in the analysis of the results. 

A tabulation of the physical properties of the crude 
oil and gas from the well is given in Table 3. 


ANALYSIS OF FIELD DATA 


The first step in the analysis of the field data was to 
examine the individual depth-pressure traverses and at- 
tempt to fit them to the basic energy equation to de- 
termine the value of the energy-loss factor. 

This was done by calculating depth-pressure traverses 
from the basic energy equation using the individual 
gauged production and an arbitrary spread of values 
for the energy-loss factor f. The theoretical curves were 
then superimposed on the actual curve recorded in the 
well, and the appropriate mean value of f selected to- 
gether with limiting values of f to give + 5 per cent 
accuracy over the measured pressure range. 

The fit of the calculated curves to the observed data 
was generally excellent, particularly at the higher rates 
of flow. 

The resulting values of f with + 5 per cent upper 
and lower limits were then plotted against the QM/D 
parameter. The correlation is the excellent fit illustrated 
in Fig. 2. Both 2% and 3%-in. OD tubing results ap- 
parently follow a single consistent trend. 


ADDITIONAL SUPPORTING DATA 


The correlation obtained in the plot of f vs OM/D 
was a far closer fit than had been anticipated. The 
closeness of this fit and the fact that the correlation 
showed no appreciable divergence with tubing size in- 
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TABLE 3—PHYSICAL PROPERTIES OF CRUDE OIL AND GAS, 
LA PAZ TEST WELL 
Specific Gravity of Tank Oil. . . . . 0.8548 
Gravity of Separator Gas . (Aira == 


Separator Gas-Oil Ratio . - 130 vol/vol 
Gravity of Tank Gas . - 1.270 (Air = 1.0) 
Tank Gas-Oil Ratio 5 vol/vol 


Average Flow-String Temperature . . . . . . . IJ80°F 
Viscosity of Oil at 
Atmospheric Pressure: 


dicated that it might be generally applicable to two- 
phase flow conditions over a similar range of QM/D 
values in other sizes or types of conduit. 


In an attempt to establish further supporting data, 
previous work on the subject of two-phase flow was 
re-examined. 


ANNULAR FLOW 

The analysis of the annular flow conditions in La 
Paz and Mara fields made in 1955° established a high- 
rate correlation for the energy-loss factor for the an- 
nulus between 2%-in. OD tubing and 7-in casing. 

In this analysis it was not necessary to consider the 
problem of the equivalent diameter of the annular con- 
duit. The diameter term in the energy equation, though 
unknown, was in fact constant because only one par- 
ticular size of annulus was under consideration. The 
energy-loss correlation was drawn up with parameters 
of QM/D and f/D’ where D, a composite term of true 
and equivalent diameters (discussed later), was un- 
known but constant and the term f/D° could be evalu- 
ated as a single unit from the field data. 


The annular flow data, upon which the 1955 in- 
vestigation was based, was recalculated using a standard 
form of equivalent hydraulic diameter to compare the 
results with the high-rate tubing flow correlation ob- 
tained in the La Paz experiments. 

The equivalent diameter D, is derived as follows. 

Cross-sectional Area 
Wetted Perimeter 
a/4(D, — 
a (D, + 


D.=4*x 


where D, = ID casing, and 
D, = OD tubing. 

In Eq. 1, which is derived from a basic energy equa- 
tion, the term D* is in fact a compound of the 
square of the cross-sectional area and a hydraulic di- 
ameter. 

In tubing flow, the diameter used for the calculation 
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of area is the same as the hydraulic diameter, thus 
raising no difficulties. However, for annular flow the 
term D* is equivalent to (D,’ — D,’) (D, — D:). 

Furthermore, in the correlating parameter QM/D, 
against which f is plotted for tubing flow, for annular 
flow this term becomes OM/(D, + D,). 


To compare the annular flow correlation of 1955 
with that derived in the experiments in La Paz, the 
values of f/D° from the original data were multiplied 
the correponding values of QM were divided by 
(D, + D,) to give a value for QM/D.,. 

The resulting correlation is shown in Fig. 3. As can 
be seen, there is very close agreement between the two 
sets of data. 


This close support is important in that it should 
now be possible to calculate vertical flowing gradients 
for an annular conduit of any size using the form of the 
equivalent hydraulic diameter stated previously. In the 
case of a small-sized outer conduit, the presence of 
tubing collars and upsets may cause additional restric- 
tions to flow. However, in areas where little or no 
empirical data on annular flow exists, this method is 
good enough as a first approach. 


HORIZONTAL PIPELINE FLOW 


Earlier work in Venezuela had derived a friction- 
factor correlation for two-phase pipeline flow in 4- and 
6-in. lines,” which has been used in the Mara-Mara- 
caibo area with consistently accurate results at high 
rates of flow. 


The analysis used in this derivation was basically 
similar to the energy-balance equation used for vertical 
flow and assumed that the energy losses could be cor- 
related in a form similiar to the Fanning equation as 
was used in the analysis of the La Paz data. Consequent- 
ly, the friction-factor values so derived are directly 
comparable with the energy-loss factor of the current 
investigation. 


These flow-line friction factors were plotted against 
QM/D and superimposed on the tubing flow correla- 
tion (see Fig. 3). The flow-line data support the tubing 
flow correlation closely at high rates but diverge at 
values of QM/D less than 2.5 < 10°, the point which 
was considered in the original flow-line analysis to be 
the lower limit of truly turbulent flow in flow lines. 
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TUBING FLOW DATA 
(POETTMANN AND CARPENTER) 


The friction-factor correlation derived originally by 
Poettmann and Carpenter is the best average curve 
drawn through a group of widely scattered points cal- 
culated from 49 surveys. These surveys were taken 
mainly at low flow rates, less than 300 B/D, in tubing 
sizes of 2%- and 2%-in. OD. 


At the low-rate end, there were no local data avail- 
able to confirm the correlation, other than the extreme 
low-rate end of the La Paz annular flow correlation 
which appears conformable. 


Above values of D pv = 30 (ie., QM/D = 2.0 x 
10° approximately), the Poettmann and Carpenter cor- 
relation diverges from the general trend of the high- 
rate correlation established from the La Paz tubing 
data, the annular flow data and the flow-line data. The 
divergence probably has no significance as, above this 
value of QM/D, the Poettmann and Carpenter cor- 
relation was not strongly supported by their basic data. 
The low-rate correlation of Poettmann and Carpenter 
can be readily adjusted to fit smoothly into the high- 
rate correlation derived from the other data. 


THE SIGNIFICANCE OF THE 
ENERGY-LOSS CORRELATION 


The excellent agreement of the tubing flow, an- 
nular flow and pipeline correlations above a value of 
QM/D = 3.0 X 10° indicates that at high flow rates 
the correlation of f against QM/D is well justified for 
practical purposes and that, given the correct PVT 
data, it should be possible to make computations of 
pressure changes in both vertical and horizontal* flow 
with an accuracy of + 5 per cent. 


At low flow rates (i.e., at values of QM/D less than 
2.0 to 3.0 < 10°), the different sets of empirical data 
diverge considerably. 


As a hypothesis, it has been assumed that the flattened 
portion of the f correlation in Fig. 3 (i.e., at values 
of QM/D greater than 2.0 to 3.0 X 10°) represents 
the truly turbulent phase of flow in which little or no 
gas slippage occurs; while below this point, the sharply 
rising portion of the curve represents slippage. 


Since the energy loss by slippage will depend to 
some degree on the amount of free gas present and 
on the over-all velocity of the mixture, it can be ex- 
pected that, for the same mass rate of flow under dif- 
ferent conditions of pressure, the energy loss due to 
slippage and hence the energy-loss factor will not be 
constant. 


The wide spread of f values for the same value of 
QM/D in the Poettmann and Carpenter correlation 
and the different correlation obtained from the La Paz 
data are then explicable by the variation in GOR’s and 
pressure. These variations will result in variations of 
the percentage free gas in place and the mixture veloc- 
ity. 

Attempts were made to correlate f with a variety 
of parameters incorporating variables of percentage 
free gas and mixture velocity. Very few data are avail- 
able at low rates, and the attempts to establish a satis- 
factory correlation with more complex parameters 
proved unsuccessful. It was decided to accept Poettmann 


“Horizontal flow in this sense means the flow through lines in 
which differences in end elevations are small enough to be ignored 


and in which no appreciable variations in elevation occur along the 
route, 
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ang Carpenters correlation, somewhat modified as 
shown in Fig. 3 to fit smoothly in the well defined 
high-rate correlation derived from the La Paz data, 
and to calculate assuming a constant energy-loss factor 
for a given mass rate of flow. 


It was considered that such an approximation would 
give adequately accurate results for normal field con- 
ditions in view of the original results of Poettmann and 
Carpenter. 


To establish an independent check on the accuracy 
of gradient calculations at low rates, a set of gradient 
curves were calculated for Lake Maracaibo conditions 
using the modified Poettmann and Carpenter correla- 
tion just proposed. These curves were then checked 
against a total of 78 flowing bottom-hole pressure sur- 
veys made in Lake Maracaibo wells at flow rates between 
300 and 1,600 B/D in 3%-in. OD tubing and between 
500 and 1,250 B/D in 2%-in. OD tubing. It appears 
that an accuracy of + 10 per cent is achievable under 
these conditions, which is reasonably satisfactory for 
gas-lift design or flowing-well analysis. 

The accuracy obtained by using what is admittedly 
an approximation to the true energy-loss factor can 
be explained by the following points. 

1. At high flow rates (QM/D > 2.0 X 10°) under 
all normal pressure conditions, the value of Ap/Ah is 
vitally dependent on the value of f since the term 


(f) (Q*) (M*) 
(7.413) (10") (p) 
proportions with respect to /p. 

2. At medium or low production rates (i.e., QM/D 
values lower than 2.0 X 10°“), it appears that at high 
pressure the first term (p) in the gradient equation 
is dominant. Consequently, under such conditions, de- 
viations in the value of f are of less significance in the 
final value of Ap/Ah. 

3. At low flow rates and tow pressures, the term 


(f) (Q) 
(7.413) (10") (p) 


calculation of the gradient. However, it is under such 
conditions that “heading” also begins to manifest itself 
in the long flow string of the producing well. The 
over-all gradient is then in fact fluctuating, and a high 
degree of accuracy in its estimation is not possible. 


It should be realized, moreover, that the use of a 
more complex factor which is not related solely to 
the mass flow rate, but to such variables as the per- 
centage free gas in place, would result in an extremely 
complex calculation requiring the derivation of separate 
values of f for each pressure increment. With the 
present field methods of oil and gas measurements, 
it is doubtful whether a higher accuracy could be 
obtained even with a more complex solution. 


(see Eq. 1) assumes significant 


again assumes significance in the 


REVERSED CURVATURE 


A further point of significance in connection with the 
question of calculated pressure gradients is that of the 
reversal of curvature of the calculated pressure-depth 
curves at low pressure—i.e., the condition occasionally 
arises where the calculated pressure traverse in the low- 
pressure range is concave downwards instead of con- 
cave upwards. 

In the past®’ this reversal had been considered as 
an anomaly due solely to the inadequacies of the method 
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of calculation. In the course of the La Paz experiments, 
however, this behavior was observed in the recorded 
traverses at high rates of flow in both 34%2- and 2%-in. 
tubing (Fig. 1). To establish a check independent of 
the Maihak readings, a special test was carried out in 
another La Paz well. During a workover, six closely 
spaced retrievable gas-lift mandrels were run in the 
upper part of the tubing string. Dummy valves were 
inserted in each mandrel and the tubing plugged-off 
below the bottom mandrel with a retrievable Otis-S- 
plug. The well was produced on casing flow to a well- 
head separator, thus ensuring a low casinghead pres- 
sure. The pressure at the level of each mandrel was 
obtained by pulling each dummy valve in turn and 
injecting gas at a very low rate down the tubing until 
the injection pressure stabilized. 

The pressure at the open mandrel could thus be ob- 
tained from the observed tubinghead pressure, measured 
with a highly accurate gauge and corrected to allow 
for the weight of the gas column. The casinghead pres- 
sure was also read with a newly calibrated standard 
manometer. On completion of the test, the tubing plug 
was pulled and the pressure at the tubing shoe read with 
an Amerada bomb. 


As shown in Fig. 4, the observed pressure-depth 
relationship was then compared with a calculated curve 
obtained from the energy-loss correlation shown in Fig. 


It can be seen that, although the calculated curve is 
not a perfect fit to the observed data, the deviation is 
small and the reversed curve is a better approximation 
to the actual conditions than that obtained by extra- 
polating the concave upwards section of the calculated 
curve. 


It is concluded, therefore, that the calculated curves 
shouid be drawn with the reversed curvature inherent 
in the calculation and that no attempt should be made 
to extrapolate the lower part of the curve back over 
the low-pressure range. 
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CHECK DATA 


The check data available at low rates of flow have 
been discussed and analyzed in the section entitled 
“The Significance of the Energy-Loss Correlation”. 
These 78 readings represent the total low-rate data 
available for Lake Maracaibo conditions. 


Very few data are available at the higher flow rates, 
the difficulty being, of course, that special equipment 
is required to obtain readings in tubing against high 
vertical flow rates. Some measurements have been taken 
using either a long string or sinker bars above the 
bembs or an anchoring device supporting the bomb 
which latches in a tubing-collar recess. While there 
are insufficient readings for any satisfactory statistical 
analysis, it would appear that an average accuracy of 
the order of + 5 per cent can be expected at these 
higher rates. 
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Multiphase Flow of Water, Oil and Natural Gas 
Through Vertical Flow Strings 


M. RASIN TEK 
MEMBER AIME 


ABSTRACT 


A new method for correlating the data on multiphase 
flow through vertical pipe is presented. 


The correlation is based on a “two-phase f factor” 
concept which was developed and successfully applied 
to horizontal multiphase flow by Bertuzzi, Tek and 
Poettmann. Field data previously published on several 
flowing and gas-lift wells have been used as the basis 
for the developed correlation. 


The application of the method to actual two-phase 
flow problems indicate that this method is capable of 
predicting the pressure distribution in vertical multi- 
phase flow strings well within the accuracy range usually 
desired for common engineering and design calculations. 


A new working chart developed for calculation of 
two-phase pressure gradients and a graphical step-by- 
step procedure for the computation of pressure distri- 
bution are presented along with an example problem. 


INTRODUCTION 


Multiphase flow through vertical pipe is encountered 
in many engineering installations. In petroleum, chemical 
process, nuclear engineering and many other industries, 
problems associated with simultaneous flow of two or 
more phases through vertical pipe have been of interest 
for a long time. This interest has increased considerably 
during recent years due to applications to new processes 
in petroleum production and refining and to problems 
of steam generation and heat removal from nuclear 
reactors. One prominent example of vertical two-phase 
flow is provided by the gas-lift process where oil, water 
and gas flow simultaneously. If the pressure profile in 
a gas-lift well can be predicted within reasonable ac- 
curacy, it would be possible to get good estimates of 
the power required to lift the oil, the optimum depth, 
the pressure and the rate at which to inject gas. Further- 
more, the effect of production rate and tubing sizes 
on these quantities can be evaluated before any design 
decision is made on the installation and operation of 
the flow string. 

The majority of experimental work available in the 
literature deals with two-component systems where in- 
dividual phase flow rates in and out of the pipe remain 
constant. The general problem of prediction of pressure 
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drops in multiphase flow systems is very complicated. 
The co-existence of numerous flow patterns of widely 
different geometry and mechanism, conditions of sur- 
face instability and the nature of force fields acting 
upon the system are among the major difficulties com- 
monly encountered. The classical approach of fluid 
dynamics which would be based upon the formulation 
and solution of Navier-Stokes equations has been found 
by many investigators completely devoid of any hope 
of success—not only because of inherent nonlinearities 
but also because of insurmountable analytical difficul- 
ties standing in the way of setting up the boundary 
conditions. The presence and effect of interfacial forces 
on multiphase flow systems further complicate the theo- 
retical approach. For these reasons, many investigators 
choose to adopt semi-empirical if not purely empirical 
approaches in order to obtain solutions of engineering 
utility. 

A prominent practical solution has been given by 
Poettmann and Carpenter’ in the form of an empirical 
correlation. In their paper, total flowing densities of 
fluids and solubility effects of gas in oil have been taken 
into account for the correlation of field data covering 
a wide range of operating conditions for oil wells. They 
treated the gas, oil and water as a single phase of 
combined properties and correlated the multiphase fric- 
tion factor as a function of the product (pvd), i.e., 
density < velocity X diameter of the flow string. How- 
ever, because the product (pvd) is dimensional while 
the friction factor is dimensionless, the generality of 
their results is somewhat restricted. It seems that the 
omission of viscosity effect may be one of the reasons 
for the scatter of data as shown in their correlation 
chart. 

The concepts of the “two-phase f factor” and the 
“two-phase Reynolds’ number function” were recently 
developed and successfully applied to correlate hori- 
zontal multiphase flow by Bertuzzi, Tek and Poettmann.’ 
Recently, two new methods of correlation by Tek and 
Chan‘ have been presented on simultaneous flow of 
liquid and gas through vertical pipe. These two meth- 
ods of correlation and the working equations in field 
units necessary for their application are included in 
this paper. The extension of the concept of two-phase 
Reynolds’ number function successfully developed for 
horizontal flow into vertical multiphase flow systems, 
development and evaluation of working charts permit- 
ting calculation of two-phase pressure gradients and 


IReferences given at end of paper. 
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application of the results to actual engineering problems 
have been the main objectives of this work. 


CORRELATION OF DATA ON 
MULTIPHASE FLOW 


Field data available on vertical multiphase flow 
systems have been analyzed and computed by using the 
flow equation and the equation of the two-phase friction 
factor f’. The derivation of these equations are included 
in the Appendix. 


The final equations giving the definition of the two- 
phase friction factor and permitting its calculation from 
field data are given as foliows.* 


ay 


where W, denotes lost work and v is the average velocity 
of both phases combined. 


144 
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Vin 


(2) 


where f’ = the two-phase friction factor, dimensionless, 
M = total lb mass of all phases associated/bbl of 
oil produced at the stock tank, 
Ah = the height of the vertical flow string, 
V,, = specific volume of all phases associated with 
each bbl of stock tank oil, cu ft/bbl, 
V,, = integrated mean value of V,, 
Q = oil-production rate at the stock tank, B/D, 
and 
D = pipe diameter ID. 


To correlate the f’ calculated with Eq. 2, a two-phase 
Reynolds’ number function like the one in horizontal 
flow was defined as follows. 


and 


k 1 


R, (R,) ER (6) 
where R, = two-phase Reynolds’ number function de- 
fined with Eq. 6, dimensionless, 

R, = Reynolds’ number of gas phase, 
R, = Reynolds’ number of liquid phase, and 
k = mass ratio of gas to liquid, based on sepa- 
rator and stock-tank quantities. 

The constants a and 5 have been so chosen that the 
two-phase Reynolds’ number function will be reduced 
to the well-known single-phase Reynolds’ number when- 
ever k is equal to zero or infinity. When k approaches 
zero, there is no more gas phase due to the definition 
of k itself, and the two-phase Reynolds’ number func- 
tion approaches the Reynolds’ number of single liquid 
phase. 


k 


k 1 


= R,’R, =R, 


k>0 
Similarly, when k approaches infinity, there is no 
more liquid phase and R, approaches R,. 
lim R; = lim Rp 
(8) 


Field data of flowing wells and gas-lift wells from 
the U S. Bureau of Mines, Bartlesville, Okla., and data 
from the files of the Phillips Petroleum Co. have been 
published in Poettmann’s paper. These data were be- 
lieved to be taken from wells of clean tubing. These 
data were used as a basis for the new correlations dis- 
cussed previously and are shown in Table 1. Among the 


k data of 31 wells, the pressure differences range from 

COEF Sa Tae (4) 240 psia to 2,571 psia and the depth of wells range 

i from 1,053 to 10,800 ft. It can be seen that the correla- 

Fine 1 (5) tion developed should apply for a wide range of op- 

erating conditions. 
TABLE 1—SUMMARY OF DATA 
. Well or Pres 
OD Tbng. Tbng Inj. Diff. Obsvd. 
Well Oil Total GOR Total GLR WOR Oil Water Size Pres Dept Obsvd. AP/Ah 
No.* (B/D) (ff8/bbl) —(ft3/bbl) (bbI/bb!) (API) (spec.) Gas (in.) (psia) (ft) Ah (psia) AP_—(psi/ft) 
A. Flowing Oil Wells 
1 244.8 3640 — =a 50.8 as 0.680 2.5 2360 9592 1730 0.180 
2 313.2 2151 47.6 0.742 1784 10683 2531 0.236 
3 60.0 2250 — aot 44.4 sae 0.796 2.5 1264 10800 2571 0.238 
4 82.0 3393 aoe — 54.0 — 0.752 2.0 1645 7450 1655 0.222 
5 125.0 3393 — ss 54.0 =* 0.752 2.0 1635 7350 1655 0.226 
6 480.0 3393 = ase 54.0 pare 0.752 2.0 1455 9620 1910 0.199 
187.2 1019 ==. 38.8 0.9349 2.0 990 7850 2200 0.280 
8 167.0 1245 as ans 42.0 as 0.8225 2.0 985 6550 1680 0.256 
9 138.0 1245 aS = 42.0 = 0.8225 2.0 665 6570 1890 0.288 
10 168.0 1747 == = 42.6 tee 0.8400 2.0 1261 7800 1880 0.241 
1 259.2 1747 = =< 42.6 a= 0.8400 2.0 1229 8070 1970 0.244 
12 91.2 1747 ae — 42.6 ass 0.8400 2.0 1221 8000 2030 0.234 
13 60.0 906 — ae 36.2 = 0.8225 2.5 555 6500 1770 0.272 
14 106.0 906 pts a= 36.2 = 0.8225 2.5 455 6500 1180 0.182 
15 131.0 3588 a —— 43.9 — 0.8287 2.0 1665 8480 1595 0.188 
16 245.3 192 A1.3 1.048 2.0 145 4410 1274 0.289 
17 160.3 189 ears = 41.3 ss 1.048 2.0 175 3000 908 0.303 
18 392.4 230 a ote A1.3 1.048 2.0 105 4410 1124 0.255 
B. Gas-Lift Wells 

19 80.0 5110 74) 5.90 35.5 1.150 0.625 2.0 107 2980 440 0.148 
20 68.0 A776 45) 9.06 35.5 1.150 0.625 2.0 155 2850 425 0.149 
21 28.0 5321 405 12.14 35.5 1.150 0.625 2.0 110 2770 405 0.146 
22 14.0 15875 434 35.60 36.0 1.076 0.650 2.0 105 3461 555 0.160 
23 36.0 13243 607 20.83 35.5 1.150 0.625 2.0 170 3380 580 0.172 
24 18.0 18333 1586 10.56 36.0 1.076 0.650 2.5 115 3376 273 0.081 
25 10.6 49849 781 51.32 38.1 1.074 0.650 2.0 180 3222 455 0.141 
26 21.0 15576 562 26.71 39.7 1.150 0.625 2.0 155 3222 485 0.151 
27 5.2 34808 607 56.38 38.1 1,074 0.650 2.0 122 2780 355 0.128 
28 53.0 2557 156 15.43 30.4 1.082 0.600 2.0 195 1053 240 0.228 
29 52.0 2888 112 25.71 30.6 1.082 0.600 2.0 112 1248 342 0.274 
30 38.6 8233 719 10.45 34.4 1.074 0.650 2.0 132 3657 456 0.125 
31 49.1 8890 801 10.10 34.8 1.074 0.662 2.0 11 3646 464 0.127 


*Wells 1 through 6, U. S. Bureau of Mines; Wells 7 through 31, Phillips Petroleum Co. 
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k 1 

The correlation of f’ as a function of R, 
is shown graphically in Fig. 1. It appears to be a 
family of almost parallel curves with k as parameter in 
the log-log plot. The depth of wells have been calcu- 
lated with this correlation and are summarized in Table 
2. As the calculated pressure difference per foot is 
coinpared with the observed one, the algebraic average 
deviation for the 31 wells is + 2.19 per cent and the 
standard deviation is 7.3 per cent from the algebraic 
average. 


Fig. 2 shows a plot of all of the available data points 
with the gas-liquid mass ratios indicated at each point. 
It can be seen that the distribution and location of the 
points with nearly the same k values suggest a family 
of curves, each having a constant value of the pa- 
rameter k. This is the basis for the chart given in Fig. 1. 


It must be noted that the gas-to-liquid mass ratio k 
was based on separator gas and stock-tank liquid quanti- 
ties, i.e., as both phases flow out of the vertical pipe. 
Actually, because the gas is constantly coming out of 
solution as both liquid and gas phases flow vertically 
upward through the production or gas-lift tubing, the 
in situ value of k must change from point to point. The 
use of terminal values of k is believed to result in the 
correlation in only an approximate characterization of 
the multiphase flow system. In vertical two- or three- 
phase flow systems in general, if data on pressure dis- 
tribution down the pipe is available in addition to the 
terminal pressures, it appears that a more general cor- 
relation with better accuracy may be found by taking 
into account the variation of in-place k values. 


Further analysis of data correlated and presented in 
Figs. 1 and 2 suggested that all of the curves of the 
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Well Mass Ratio Calc, alc. Desiatien 
No.* (ft) Ahi (psi/ft) (psi/ft) (per cent! 
A. Flowing Oil Wells 
1 0.6926 9589 0.1804 —0.0004 == 
2 0.4388 11110 0.2278 +0.0082 + 3.47 
3 0.4836 10610 0.2423 — 0.0043 
4 0.7267 7460 0.2218 +0.0002 + 0.09 
5 0.7267 7688 0.2153 +0.0107 + 4.73 
6 0.7267 9601 0.1989 +0.0001 10.05 
7 0.2490 7860 0.2799 +0.0001 + 0.04 
8 0.2727 6563 0.2560 0.0000 0.00 
9 0.2727 7624 0.2479 +0.0401 +13.92 
10 0.3920 7809 0.2407 +0.0003 
11 0.3920 8050 0.2447 — 0.0007 
12 0.3920 8000 0.2538 + 0.0002 + 0.08 
0.1919 6495 0.2725 —0.0005 
14 0.1919 6498 0.1816 +0.0004 + 10:22 
15 0.8004 8270 0.1929 —0.0049 
16 0.0534 4386 0.2905 —0.0015 == 52 
17 0.0526 3178 0.2857 +0.0173 ae LCA 
18 0.0639 4227 0.2659 —0.0109 SLY 
B. Gas-Lift Wells 
19 0.1028 2898 0.1518 —0.0038 oe ayy 
20 0.0654 2556 0.1663 —0.0173 — 
21 0.0556 2713 0.1493 — 0.0033 PHS 
22 0.0614 4014 0.1383 +0.0217 +13.56 
23 0.0829 3983 0.1456 +0.0264 $15.85 
24 0.2268 3383 0.0807 + 0.0002 
25 0.1105 4075 0.1117 +0.0293 + 20.78 
26 0.0768 3527 0.1375 +0.0135 + 8.94 
Zu 0.0859 3378 0.1051 +0.0229 +17.89 
2 0.0204 989 0.2426 —0.0146 — 6.40 
29 0.0142 1247 0.2743 — 0.0003 = OH 
30 0.1028 3635 0.1254 —0.0004 = ORY? 
31 0.1167 3509 0.1322 —0.0052 = 4,09) 


TABLE 2—SUMMARY OF RESULTS OF CORRELATION Ri 


Gas-Liquid 


Depth 


AP/Ahi 


Algebraic average deviation + 2.2 per cent; standard deviation from 
algebraic average, ¢, 7.3 per cent. 

*Wells 1 through 6, U. S. Bureau of Mines; Wells 7 through 31, Phillips 
Petroleum Co. 


family with different k values could be brought together 
by changing the form of the correlating Reynolds’ 
number function. After an extensive study of several 
forms, it was found that the following model was able 
to correlate the data around a unique curve. 


k 
where a, 8 and c are constants. 


It was noted that the values of the constants a, 8 and 
c defined in Eq. 9 affect the distance between the 
curves shown in Fig. 1. Several choices of a, 8 and c 
had been tried and the correlation of f’ as a function 

k 1 

of R, (which is log [Bane | — 0.1 k) is shown in 
Fig. 3. The results of this correlation are summarized 
in Table 3. It shows an algebraic average deviation of 
+ 0.67 per cent and a standard deviation from the 
algebraic average of 11.6 per cent. With more well test 
data, the model defined with Eq. 19 can be investigated 
again to get a better choice of a, 8 and c for a more 
precise correlation with R,. 


CONCLUSIONS 


Two new methods of correlation have been devel- 
oped for prediction of pressure drops in multiphase 
flow through vertical pipe. The correlated dimension- 
less quantity is the two-phase friction factor /’, based 
on multiphase mixture properties and defined by a 
Fanning-type equation on lost work. Two correlating 
dimensionless Reynolds’ number functions were found 
to be almost equally effective in predicting data avail- 
able in the literature. The first one R, is a product of 
single-phase Reynolds’ numbers of both gas and liquid 
phases, each raised to power, function of the gas-liquid 
mass ratio. This correlation is a direct extension of one 
given by Bertuzzi, Tek and Poettmann for horizontal 
flow. On the basis of data available from 31 flowing 
and gas-lift wells, this correlation resulted in a bias of 
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+ 2.2 per cent and a standard deviation of 7.3 per 
cent. The second correlating Reynolds’ number func- 
tion R, was found to be a function of R,, and R, and 
k also. It resulted in bringing all of these data around 
One unique correlating curve with a substantially nar- 
rower range of spread. A statistical evaluation of the 
correlation by R., based on this field data, resulted in 
a bias of only + 0.67 per cent and a standard devia- 
tion of 11.6 per cent. 


WORKING CHART FOR GRAPHICAL 
ESTIMATION OF PRESSURE GRADIENTS 


Fig. 4 presents a working chart developed for esti- 
mating pressure gradients or pressure distributions for 
the design of gas-lift systems. The chart is based on 
the correlations of the data by the correlating variable 
R,. It is based on the following equation derived from 
energy relationships expressed in field units. 

(QM)? 
AH 
where (—AP)/AH = the pressure gradient, lb/sq ft/ft, 
p — average density of multiphase 
mixture over the pressure incre- 
ment AP, lb mass/cu ft, 
f’ = two-phase friction factor, dimen- 
sionless function of R., and 
QM = total mass flow/day of all phases, 
Ib mass/day. 


(10) 


Fig. 4 indicates that, once (QM) is computed start- 
ing from the proper point on QM axis by drawing a 
vertical line through the proper tubing diameter, a 
horizontal line through R, value and a vertical line 
through calculated average p value, one can readily 
determine (AP/Ah) in pounds per square foot per foot 
over the considered pressure or length increment. 

This graphical procedure and the working equations 
necessary for the calculations are illustrated in the ex- 
ample problem given later. Fig. 5 represents the pres- 
sure distribution computed for the example problem. 
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TABLE 3—-SUMMARY OF RESULTS CALCULATED WITH R2 


Depth AP/Ah Deviation 

Well Calc. Cale. 

No. (ft) Aho (psi/ft) (psi/ft) (per cent) 
1 9064 0.1909 —0.0109 = 6.06 
2 11176 0.2265 +0.0095 + 4.03 
11626 0.2211 +0.0169 7 
4 8227 0.2012 +0.0208 
5 8405 0.1969 +0.0291 +12.88 
6 10290 0.1856 +0.0134 OnLO 
Z 7093 0.3102 —0.0302 —10.79 
8 7006 0.2398 +0.0162 46-38 
9 8335 0.2268 +0.0612 +21.25 

10 7961 0.2362 + 0.0048 1.99. 
11 8576 0.2297 +0.0143 + 5.86 
12 8436 0.2406 + 0.0134 
13 7607 02327 + 0.0393 +14.45 
14 4990 0.2365 —0.0545 —29.95 
15 8669 0.1840 + 0.0040 PAs) 
16 4112 0.3098 —0.0208 7220) 
2998 0.3029 + 0.0001 + 0.03 
18 3951 0.2845 —0.0295 Ss, 
19 2542 0.1731 —0.0251 — 16.96 
20 2523 0.1685 —0.0195 ==1:3-09. 
21 2777 0.1458 +0.0002 + 0.14 
22 3956 0.1403 +0.0197 +12.31 
23 3596 0.1613 +0.0107 Ore 
24 3383 0.0807 +0.0002 +10:25 
25 3663 0.1242 +0.0168 +11.91 
26 3473 0.1396 +0.0114 
Din 3325 0.1068 +0.0212 +16.56 
28 1019 0.2355 —0.0075 = yh) 
29 1247 0.2743 —0.0003 == 0:14 
30 3264 0.1397 —0.0147 — 11.76 
31 3022 0.1535 —0.0265 — 20.87 


Algebraic average deviation + 0.67 per cent; standard deviation from 
algebraic average, 11.6 per cent. 


It must be noted that, in spite of the very large (500 
psi) pressure increments which have been used, the 
graphical method predicts the bottom-hole pressure 
with an error of 7 per cent. 


EXAMPLE PROBLEM 


Well No. 3 in Table 1 indicates the following data: 
Q = 60 B/D; S,,. = 2,250; gravity of oil, 44.4° API; 
specific gravity of the gas, 0.796; tubing size, 24% in. = 
2.44 in. ID; tubing pressure, 1,264 psia wellhead; total 
depth = 10,880 ft; and uw, = 1.48 cp. 

It is desired to calculate the pressure profile for this 
well down the flow string and compare the predicted 
bottom-hole pressure with the observed one of 3,835 
psia. The formation-volume-factor curve and solubility 
data are given in Figs. 6 and 7. 


The reservoir temperature JT = 189°F, and the aver- 
age tubing temperature 7, = 75°F. 


SOLUTION 

The calculations given step-by-step in the following 
section are included to illustrate the use of working 
equations and application of the developed working 
chart. 


1. Calculate gas-to-liquid mass ratio K. In all vertical 
multiphase flow problems where there exists substantial 
mutual solubility effects, the K ratio varies along the 
length of the flow string. 

Take a reasonably small pressure drop: 

(— AP,) = 500 psi; 
P, = Prop = 1,264 psia; 
P, = P, + AP = 1,264 + 500 = 1,764 psia; 

(Paw)s = 1,264 + 250 = 1,514 psia (S,), = 680 cu 

ft/bbl at P = (P..) = 1,514 psia; 
Soo = 2,250 cu ft/bbl. 
Knowing (S,/,), Gq and G, calculate: 
X 0.0764 
(S,/.)1 at Por = 1,514 psia is 2,250 — (680 — 200) 
1,770 cu ft/STB; 
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| | 
| 
| | | 
| | | } 
| | | 
| Ne | | 
— 


API (315, 444 975.6 
= 0.805; 
1,770 X 0.796 X 0.0764 
= 0.382. 
351 X 0.805 
2. Calculate (R,),. 
W, 1D) 
(Ne, 


G, 0.01644 624° 1D 


Ds 


Q 
= —_ 352 
352G, + S.. G, 0.0764 + 62.4 X G,V, (Re), 


4 
36400 67D 102 


(282 


107 


[351 G, (S,); Ge 0.0764 + 62.4 X 


= 2.29 X 10°(351 X 0.805 + 680 X 0.796 X 0.0764) 


60 x 12 
1.48 X 2.44 
60 12 
1.48 x 2.44 
32335 
. 
1.48 2.44 


1,470. 


pi D 
0.0222 2.44 


‘4 
4.2 
4.1 


2" TUBING 


2 1/2" TUBING 


3" TUBING 


0* 15 


Fess) 


AVERAGE DENSITY OF THE MIXTURE >, 
Ibs, m /cu. ft. 


CODND 


(-AP/Ah) psf. /ft. 


(QM), LB MASS/D OF MIXTURE 


Fic. 4—WorkKInG CHART FOR GRAPHICAL DETERMINATION OF PRESSURE GRADIENT. 
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Fic. 5—PressurE PROFILE FoR EXAMPLE PROBLEM. 


= S< 
31,900. 
log = O11 Kk. 


== 


= log [(31,900)°*"" (1,470)°""] -- 0.0382 
log (2.08 1.08 — 0.0382 


= 3.3592 = 
(R,), = 3.314. 
5. Calculate 


(where ST denotes stock tank) 
= 282 + 107.8 = 419 lb/bbl produced at stock 
tank. 


PT. 


at average pressure P,, 
F, = 1.45 at (P..), = 1,514 psia. 
pPorit = 668 psia pseudocritical pressure. 


= 5.61F + — Su] + 


| 


plerit = 425°R absolute pseudocritical temperature 

from, Eq. 3. 

668 
AGO 

= = — = 1.26. 

425 425 

Z, = 0.6. 


= 14.65 * 535 X 0.6 
Vi) 


O80} 
= 8.15 + 9.38 


= 17.53 total cu ft/bbl of stock-tank oil. 


22.2 lb mass/cu ft. 
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3.0 


2.6 


FORMATION VOLUME FACTOR F 


1.4 T=189°F 


O 2000 4000 6000 
PRESSURE (PSIA) 


Fic. 6—ForMATION-VOLUME-FACTOR CURVE. 


6. Calculate (QM), = 60 X 419 = 2.514 X 10' lb 
mass total/day. 


7. Calculate (—AP)/Ah from working chart (Fig. 4). 
First locate OM = 2.514 X 10° on horizontal QM 
scale; then, go vertically up through the intersection 
with 2'%-in. tubing line, horizontally to left through 
R, = 3.314 (interpolated) vertically down through p = 
22.2 (interpolated) and read on vertically down the 
scale (AP/Ah) = 27.5 lb/sq ft/ft. 


AP = 500 psi or 500 X 144 = 72,000 lb/sq ft/ft. 


72,000 


(Ah) a= 


NOMENCLATURE 


a=a function of gas-liquid mass ratio a= 
k/(k + 1), dimensionless 


b = a function of gas-liquid mass ratio b = e*"", 
dimensionless 


c = a universal constant, dimensionless 

D = pipe or tubing diameter, ft ID 

F = formation volume factor, dimensionless 

f’ = two-phase friction factor, dimensionless 

G = specific gravity, dimensionless 

lb ft 

Ib force sec” 

g = acceleration of gravity, ft/sec* 

h = length of the vertical flow string, ft 

k = gas-liquid mass ratio, lb mass of gas/lb of 
liquid, 

M = 1b mass of oil gas and water/STB oil 

P = pressure, psia 

P, = base pressure = 14.65 psia 

Q = oil-production rate STB/D 


R, =two-phase Reynolds’ number function, di- 
mensionless 


g. = 32.17 
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R, = two-phase Reynolds’ number function, di- 
mensionless 


S,,. = produced gas-liquid ratio, scf gas/STB oil 
S, = gas solubility, scf/STB oil 
T.» = average temperature of the flow string, °R 
absolute 
T, = base temperature, = 520°R absolute 


V = specific volume of gas-liquid mixture, cu 
ft/lb mass 


V,, = specific volume of gas-liquid mixture in field 
units, cu ft/STB oil 

V,, = integrated average value of V,,, cu ft/STB 
oil 

= water-oil ratio, cu ft of water/STB oil 

= average velocity of gas-liquid mixture, ft/sec 

= work, ft X lb force/lb mass 

= shaft work, ft < lb force/lb mass 

compressibility factor, dimensionless 

=a constant, dimensionless 

=a constant, dimensionless 

= difference 

viscosity, cp 

= density, Ib mass/cu ft 


p = pressure-integrated mean density, Ib mass/cu 
ft 


SUBSCRIPTS 
1 = point upstream, down pipe 
2 = point downstream, up pipe 
o = oil 
& = gas 
1 = liquid 
= water 
= friction 
reduced condition 


LIES tes She 


= 
| 


ll 
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APPENDIX 


DEVELOPMENT AND DERIVATION OF 
EQUATIONS USED FOR ANALYSIS OF DATA 


It is known that the vertical simultaneous flow of 
liquid and gas may be treated as the flow of one phase 
with combined properties through the use of energy 
balances expressed in the well known flow equation. 


P, 2 
[pyar + |+ W,+W, =0 


where V = specific volume of the fluid, in cu ft/lb mass, 
P, = pressure of the fluid entering the vertical 
system under consideration, in Ib/sq ft ab- 
solute, 
P, = pressure of the fluid leaving the system, in 
Ib/sq ft absolute, 
Ah = height of the system, ft, 


2 
Ale = difference in kinetic energy of the flowing 


fluid, ft-lb force/lb mass, 

W, = irreversible energy losses due to slippage, 
liquid hang-up, friction and other effects in 
ft-lb force/Ib mass, and 

W, = shaft work in ft-lb force/lb mass. 

This equation states that the energy entering the 
system at Point 1 must equal the energy leaving the 
system at Point 2 plus the energy interchanged between 
the fluid and its surroundings. 

Considering that the fluid flow is steady, work done 
by the fluid is zero and the change of kinetic energy 
is negligible, Eq. | may be simplified as 

Defining a two-phase f’ factor which is similar to the 
one in single-phase flow, then 
22.W,D 
Ah 
where f’ = two-phase f factor, dimensionless, 
D = diameter of the flow string, ft, and 
Vv = integrated average value of velocity between 
limits of P, and P, (assumed approximately 
constant), in ft/sec. 

Combining Eqs. 2 and 3 to eliminate term W,, one 

gets 


22.D 

If we arbitrarily define 
P, 

| V,,dP 


P, 
Va = P, P, 


expressed with terms of units readily obtained from 
field data of oil wells, such as 


, let the following quantities be 
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| 
| 


VdP = — ec 
P, P. 


21,600 D* 
Eq. A-4 can be re-arranged to get two working equa- 
tions to calculate Ah or f’ as follows. 


144 ( P, 
10"D" 


144 7.413 10"D* 
M | P, 


and 


y= 


if? 
(A-6) 


where P = pressure, in psi absolute, 

M = total mass of fluid such as gas, oil and water 
in lb mass, associated with 1 STB of oil 
flowing into and out of the system, 

V,, = volume of fluid at pressure P, in cu ft/STB 
oil, 

V,, = the integrated average value of V,, between 
limits of P, and P, in cu ft/STB oil, and 

Q = STB/D of oil produced. 


The total mass M associated with 1 STB of oil can 
be calculated as 


M = (5.61) (62.4) (G,) + (0.0764) (G,) (S,/.) 

where G, = specific gravity of stock-tank oil, 
G, = specific gravity of natural gas (air = 1), 
G., = specific gravity of produced water, 
S,/o = producing gas-oil ratio, in cu ft/STB oil, 

and 
V,, =cu ft of water produced/STB oil. 


In Poettmann’s paper,’ the process to calculate J, 
is shown in detail along with tables of values of Z, 


Z dP, and — dP. to facilitate the calculation 
0.2 


Since 
= (A-8) 


where F = formation-volume factor of oil, which is a 
function of pressure P, in bbl of reservoir 
oil/STB oil 
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Tw. = arithmetic average temperature in the flow 
string, in °R, 
P, = base pressure at which gas is measured, 
T, = base temperature, 
Z = compressibility factor of the gas at tempera- 
ture T,,, and pressure P, and 
S, = solubility of gas in oil and is a function of P, 
in cu ft/bbl of oil 
if the formation-volume factor and the solubility of 
the oil are linear functions of pressure over the range 
of pressure under consideration, V,, can be calculated 
analytically as follows. 


Vp = 5.61 + 5.61 F, + 


Soyo S; 
P Nn, se Wow 


where n, = slope of formation-volume-factor curve, 
F, = intercept of formation-volume-factor curve, 
n, = slope of solubility curve, and 
S; = intercept of solubility curve. 
By using Eq. A-10 and collecting common factors, 


(A-10) 


then 
| = 
P, 
i r P. dt + 
(A-11) 
1 Z 
IPS P, 
iP. 
1 2 
| — | (A-12) 
O26) 
P,, 
Pe 
| ZdP.. (A-13) 
0.2 0.2 
where P, = and 


P. = pseudocritical pressure. 


If the formation-volume-factor curve and the gas-sol- 
ubility curve cannot be approximated with straight-line 
functions, graphical integration is recommended to 


calculate the term V,. 
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Simultaneous Flow of Gas and Liquid As Encountered 
in Well Tubing 
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ABSTRACT 


The paper deals with pressure gradients occurring in 
flowing and gas-lift wells, a knowledge of which can be 
applied to the determination of optimum flow-string 
dimensions and to the design of gas-lift installations. 
The study is based on a pressure-balance equation for 
the pressure gradient. It appears that a pressure-gradient 
correlation of general validity must essentially consist 
of two parts—one part being a correlation for liquid 
hold-up and the other part being one for wall friction. 
Dimensional analysis indicates that both liquid hold-up 
and wall friction are related to nine dimensionless 
groups. It is shown that in the field of interest only 
four groups are really important. On the basis of these 
four groups a restricted experimental program could 
be selected that nevertheless covered practically all 
conditions encountered in oil wells. This experimental 
program has been carried out in a laboratory installa- 
tion. Three essentially different flow regimes were found. 
The pressure gradients in these regious are presented 
in the form of a set of correlations. Comparison of these 
correlations with a few available oilfield data showed 
excellent agreement. 


INTRODUCTION 


Prediction of the pressure drop in the flow string 
of a well is a widely known problem in oilfield practice. 


Accurate data on the pressure gradient of a simul- 
taneous flow of gas and liquid in a vertical pipe are 
especially useful for the determination of optimum flow- 
string dimensions. It is well known that with moderate 
gas and liquid flows such a vertical string acts as a 
“negative restriction”. The pressure drop decreases (1) 
when the throughput through a given pipe increases, 
and (2) when at a given throughput the cross-sectional 
area is decreased. The reason is that, with increasing 
velocities, the flow becomes more agitated so that the 
gas slips relatively more slowly through the liquid. 
With the resulting increase in gas content in the string, 
the static head decreases. When the area becomes very 
small, however, the high velocities entail great wall 
friction, which causes an increase in pressure drop. 
For a given flow, therefore, minimal pressure drop is 
obtained by using a certain cross section. This means 
that, in principle, each well can be provided with an 
optimum flow string for minimum pressure drop and, 
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hence, maximum possible production rate. The pro- 
cedure for the selection of the optimum string has been 
discussed by Gilbert." A necessary tool in the pro- 
cedure, however, is accurate knowledge of the pressure 
gradient to be expected for various values of the 
governing variables. 

Another application of pressure-gradient data lies in 
the field of gas-lift practice: they provide a means of 
determining the optimum gas-injection rate, optimum 
injection pressure and optimum injection depth. 

Much work has already been done in the study of 
the pressure gradient of vertical gas-liquid flow. Poett- 
mann and Carpenter® presented a pressure-gradient cor- 
relation based on measurements in wells. This correla- 
tion has been found to provide accurate predictions 
in high-pressure wells and in high-production wells for 
flow through both tubing and annuli.*° However, when 
their method is checked on low pressure-low production 
wells or on wells with viscous crudes, serious discrep- 
ancies are found. As we shall see in the next section, 
this is due to the fact that their correlation factor, 
representing all irreversible energy losses, is given as a 
function of only one correlation group. Some important 
variables, such as gas-liquid ratio and liquid viscosity, 
are not incorporated in this group so that their specific 
effects are not accounted for. 

To study also the mechanism of vertical gas-liquid 
flow outside the ranges covered by the Poettmann-Car- 
penter publication and extensions, a laboratory investi- 
gation has been carried out. This study is founded on 
a pressure-gradient equation that is based on a pressure 
balance. To reduce the number of test runs required, 
a dimensional analysis has been carried out, followed 
by a selection of relevant dimensionless groups. These 
groups guided a subsequent experimental study, and 
with their aid the experimental program could be mini- 
mized while still covering the majority of the situations 
encountered in oilfield practice. 


In this paper the choice of a formula for the pres- 
sure gradient is discussed first. This is followed by a 
brief description of the experimental setup. Subsequent- 
ly, the dimensional analysis is discussed and the relevant 
dimensionless groups are selected, resulting in the ex- 
perimental program required. The general relationships 
of pressure gradient and liquid hold-up are then de- 
scribed; various flow patterns and a certain flow in- 
stability (so-called “heading”) are discussed and a set 
of correlations is presented which shows a good agree- 
ment with the measurements and a few available field 


1References given at end of paper. 
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data. It would seem that these correlations hold promise 
of general application in oilfield practice. 


FORMULA FOR THE PRESSURE GRADIENT 
OF GAS-LIQUID FLOW 


The two main methods for producing a formula for 
the pressure gradient of gas-liquid flow are (1!) evalua- 
tion of an energy-balance equation between any two 
points of the flow string and (2) evaluation of a pres- 
sure-balance equation, again between any two points of 
the system under consideration. 


The first method has been used by Poettmann and 
Carpenter.* Their resulting formula reads 


dP - 

+ Acceleration Gradient 


We 
where i, = pressure gradient (lb/sq ft/ft), 
dn 


i gas-liquid mixture density, which would 
occur when all energy losses were zero 
(no slip) (Ib/cu ft), 


QM = total mass flow (lb/day), 
D = inside diameter of tubing (ft), and 


f, = dimensionless correlating function for the 
total energy loss (-). 


For the flow in wells, all quantities occurring in the 
right-hand part of this equation are known except the 
value of f,. This factor f, represents all irreversible 
energy losses, mainly consisting of the slip losses be- 
tween the phases and the energy losses due to wall 
friction. It has been defined using a modified Fanning- 
type friction equation and, therefore, will be most suit- 
able for conditions where wall friction is dominant. 
This is borne out by the experiments carried out in high- 
potential wells, referred to earlier and reported by 
Baxendell and Thomas.’ The high velocities occurring 
in these wells caused the slip losses to be slight, whereas 
the losses due to wall friction were substantial. There 
fore, the resulting f,-correlation could be presented as 
a single curve, with which it appeared to be possible 
to predict the entire flow-gradient relationship in the 
well with very high accuracy (errors below some 5 
per cent). 


The situation in low-potential wells appears to be 
very different, however. Here, the velocities in the flow 
string are low so that wall friction cannot help but 
be very small; consequently, the slip losses must be 
the main contribution to f,. Whereas Poettmann and 
Carpenter in this range presented for f,-correlation one 
single curve based on field data, controlled laboratory 
tests reported by Govier, et al,’ resulted in a family of 
curves for f, with the insitu gas-liquid ratio as para- 
meter. This family of curves moreover appeared to 
depend on the diameter of the flow string,’ whereas 
some influence of liquid viscosity is also likely to be 
present. Therefore, it is to be expected that a large 
number of f,-curves will be required to cover the entire 
flowing and gas-lift field practice. This apparently is due 
to the fact that the mechanisms causing slip losses and 
wall friction are entirely different from each other. 
Therefore, correlation of slip losses using a_ typical 
friction equation cannot help but give undesirably com- 
plicated results when the full range has to be covered. 
Use of a pressure-balance equation, in which the in- 
fluences of gas slip and wall friction are separately dealt 
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with, would seem to be more appropriate. For this 
reason, a pressure-balance equation rather than an 
energy-balance equation has been chosen as a basis 
for further study. 


In the case of single-phase flow, the pressure gradient 
is equal to the sum of static gradient, friction gradient 
and acceleration gradient. 


dP 


sal 
+_4fY% pv + Acceleration Gradient 


VP 
where = pressure gradient (ML T°), 
1 


p = density of the fluid (ML”), 

g = gravity acceleration (LT”), 

v = fluid velocity (LT”), 

D = inside diameter of the pipe (L), and 
f = friction factor) 


This equation is identical to that of Poettmann and 
Carpenter when single-phase systems are considered. 
When applied to gas-liquid systems, the pressure-balance 
equation becomes very different, however. Also, then, 
we may split up the pressure gradient into three parts: 


= = Static Gradient + Friction Gradient + Accelera- 


tion Gradient. 


The “static gradient” supports the gas and liquid 
present in the vertical column. The effects of slip be- 
tween the phases are thus incorporated in this gradient, 


and it therefore basically differs from the term p of the 
Poettmann and Carpenter equation, in which the slip 
losses are not included. 


The static gradient is equal to 
EgPoS 


where p,, p, = density of liquid and gas, respectively 
(ML’”), and 


£1, €, = hold-up of liquid and gas, respectively 

The two terms represent the contributions of liquid 
and gas, respectively. The liquid term is equal to the 
static gradient of a nonflowing liquid column without 
gas, pig, times a correction factor that corrects for 
the fact that only part of the column is filled with 
liquid and the remainder with gas. This correction 
factor ¢,, the liquid hold-up, is thus defined as the 
volume of liquid actually present in a certain length 
of pipe, divided by the volume of that length of pipe. 
A similar expression holds for the gas term, being equal 
to the static gas gradient p,g times the gas hold-up 
ser: 

This expression for the static gradient presupposes 
that this gradient supports all the liquid and gas present 
in the column. This is usually true. In certain cases, 
however, a small part of the liquid is supported by the 
wall (see “Experimental Results”) and cannot con- 
tribute to the static gradient. However, we may still 
use the same expression for the static gradient and 
adapt the value of «,, which then becomes a “pseudo 
liquid hold-up”. 

The “friction gradient” represents the drag of the 
flowing gas-liquid mixture on the wall of the pipe only. 
It will be dealt with in more detail in the “Correla- 
tions” section. 


The “acceleration gradient” fortunately is so small 
that it may be neglected for flow in wells.”’ 
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Thus, the expression for the pressure gradient be- 
comes as follows, when in addition it is divided by the 
constant factor p.g in order to obtain a convenient 
dimensionless expression. 


pig dh 


Pr 


where G = dimensionless pressure gradient. 

In the large majority of field situations, as well as in 
any atmospheric test setup, the contribution of the gas 


hold-up term (1 — ¢,)p,/p, is negligibly small. Then 
the equation reduces to 


G = ¢«, + Friction Term. 


As discussed before, the behaviors of friction and of 
liquid hold-up (the latter depending on slip only) will 
be basically different. Therefore, for any pressure- 
gradient correlation to be of general validity, it is es- 
sential that such a correlation be split into two separate 
correlations—the first for liquid hold-up and the sec- 
ond for friction. Then, it will also be necessary to 
measure both hold-up and friction, or their sum, the 
total gradient. Accordingly, a test installation for measur- 
ing both hold-up and total pressure gradient has been 
used, as described in the next section. 


TEST INSTALLATION (Fig. 1) 


The measurements were carried out in a vertical 
flow string, consisting of an inflow section with a length 
between 30 and 45 m, a 10-m-long measuring section 
and a 2-m-long outflow section. The flows of gas and 
liquid, the temperature, and the pressure on the top of 
the column were kept constant manually or by means 
of controllers. 


The measuring section being transparent, the flow 
could be observed either visually or by making films. 
Pressure-gradient measurements were carried out using 


Level controller Gis 
. = Pressure controller 

Manometer i 
Differential manometer 

Hold-up meter 

Flowmeter 


Thermometer j= 


Separator 


section 


Liquid return 


Measuring section 


Inflow section 


F 
Gas 


Fic. 1—Stmpuiriep SuHeer Test Setup. 


Pump 


OCTOBER, 1961 


differential manometers. The liquid hold-up, defined 
previously as the volume of liquid actually present in 
a short length of pipe divided by the volume of that 
length of pipe, was measured using a radioactive tracer 
technique. To that end, a small amount of radioactive 
cobalt naphthalate was dissolved in the liquid. The in- 
tensity of radiation from a pipe section, being propor- 
tional to the amount of liquid present and hence to 
the liquid hold-up, was measured by means of a 
scintillation counter. 


Most of the measurements were carried out at at- 
mospheric pressure using air as gas and liquid hydro- 
carbons or water as liquid. In a similar installation, a 
limited number of test runs was made at elevated 
pressures, using natural gas and gas-oil. 


For any experimental flow study to be of value for 
wide ranges of conditions, data should be obtained for 
a great number of different flow situations. The number 
of test runs required, in fact, depends on the number 
of independent quantities that govern the flow mecha- 
nism in the pipe. Many of such quantities are present 
(viz., internal tubing diameter, liquid throughput, gas 
throughput, etc.). Since for the investigation of the 
influence of all quantities the number of test runs re- 
quired would be far beyond anything that could reason- 
ably be carried out, it is essential that a preliminary 
investigation be made to select those independent quan- 
tities which are actually of importance for the flow 
in wells. Such a study has been carried out and will 
be dealt with in the next two sections. 


DIMENSIONAL ANALYSIS 


The mechanism of any flow situation is governed 
by dimensionless groups, the number of which is three 
less than the number of independent quantities required 
to describe fully the boundary conditions (configura- 
tion), the relevant properties of the material and the 
interaction between material and boundary or surround- 
ings. Use can be made of the observed fact that, in 
two-phase flow as in single-phase flow, the mechanism 
at any spot is independent of the way the fluids are 
supplied at the entrance or flow off at the outlet pro- 
vided that the spot is not too close to the inlet or the 
outlet. Then, for this equilibrium flow of gas-liquid in 
a cylindrical pipe, the governing independent quanti- 
ties at any spot are those shown in Table 1. 

These 12 independent quantities determine the pres- 
sure gradient dP/dh. Application of the z-theorem® to 
all 13 variables results in 10 dimensionless groups. 
These groups may be chosen as shown in Table 2. 


According to the theory of dimensionless numbers, 
the value of the dimensionless pressure gradient is fully 
determined by the values of the nine governing groups. 

In this analysis, the pressure gradient has been chosen 
as the dependent quantity. Actually, however, we are 
only interested in the flow mechanism, by which we 
mean the geometrical and velocity distribution of gas 


TABLE 1 
Tube Liquid Gas 
Internal Diameter D (L) Density pt pg (ML-*) 
Wall Roughness e (L) Viscosity Bi pg (ML-2T-1) 
Inclination (-) Superficial Velocity* Vsl Veg 
Interaction 
Surface Tension (MT?) 
Wall Contact Angle a (-) ; 
Gravity Acceleration g (LT-?) 


*This measure of throughput equals the volume throughput at in situ 
conditions per unit of total cross-sectional area. 
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2—DIMENSIONLESS GROUPS 
Governing Groups: 
Diameter Influence Number Na =D V (pig/o) 
Specific Wall Roughness 2/D 
Inclination of the Pipe @ 
Gas-Liquid Density Ratio Np = po/pi 
4 


Viscosity Influence Number Liquid Ni = pt V (g/pic*) 
4 


Viscosity Influence Number Gas Ng V (g/pic*) 


Velocity Influence Number Liquid N =vsi V (pi/go) 
In Situ Gas-Liquid Velocity Ratic R =Vsg/vst 
Wall Contact Angle a 
Dependent Group: 
Dimensionless Pressure Gradient G =(1/pig) (dP/dh). 


and liquid in the pipe. This distribution in fact estab- 
lishes the values of both the liquid hold-up and the wall 
friction—that of the liquid hold-up because it is a direct 
consequence of the space distribution of gas and liquid, 
and that of the wall friction because it exclusively 
depends on the shear stresses in the liquid phase. The 
shear stresses follow from the velocity gradients in the 
liquid, which in turn depend on the velocity distribu- 
tion, i.e., on the flow mechanism. Thus, a known flow 
mechanism establishes the values of the liquid hold-up, 
the wall friction and, according to Eq. 1, the pressure 
gradient. Moreover, the flow mechanism reflects the 
type of flow, as well as the conditions for transition 
from one type into another and the regimes for each 
particular type of flow. 


Regarding this, and the afore-mentioned analysis, it 
can thus be concluded that the flow mechanism, ex- 
pressed in terms of liquid hold-up, wall friction and 
boundaries of flow regimes, must fully be determined 
by the values of the nine governing groups. Since the 
complexity of the problem excludes theoretical treat- 
ment, the relationship must be determined experi- 
mentally. Fortunately, it can be shown that only a few 
groups are of real importance for the flow in oil wells. 


ELIMINATION OF IRRELEVANT GROUPS 


INCLINATION ¢ 

Most wells are vertical or nearly vertical, so that ¢ 
will be equal to 90° + a few degrees (say a maximum 
of 8°). In this range any effect of ¢-variation on the 
pressure gradient cannot be anything but very small. 
Thus, ¢ can be ignored in the field of interest. 


WALL CONTACT ANGLE @ 

Visual observation of gas-liquid flow through vertical 
flow strings of oilfield dimensions shows that the wall 
is always wetted so that the wall contact angle a can- 
not have any influence and, hence, may be ignored. 


VISCOSITY INFLUENCE NUMBER GAS JN, 

The gas viscosity can influence the flow mechanism 
only in cases of high shear stresses, comprising high- 
velocity gradients in the gas. It now appears (see “Ex- 
perimental Results”) that, at the correspondingly high 
gas velocities, mist flow occurs where the gas phase is 
highly turbulent. Then, the influence of gas viscosity is 
negligible and, with it, that of the viscosity influence 
number of the gas N,. 


SPECIFIC WALL ROUGHNESS ¢/D 

Experiments with gas-liquid flow in horizontal pipes’ 
showed that wall friction remains small when liquid 
flow is small. This holds for both smooth pipes and for 
pipes with roughness comparable with that of tubing. 
This will also hold for vertical pipes. For, in the low- 
velocity range, the pressure gradient will be determined 
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mainly by what occurs in the pipe center where the 
flow is highly irregular and will not be significantly 
affected by small additional irregularities caused by 
wall roughness. In the high-velocity range, however, 
wall roughness may be a significant factor. Experi- 
ments will have to show what the influence actually is. 


GAS-LIQUID DENSITY RATIO NV, 

The physical influence of gas density p, incorporated 
in the density ratio N, on the flow mechanism con- 
sists of two parts: (1) the effect of (p, —p,), govern- 
ing the driving force of the slip between gas and liquid; 
and (2) the effect of 129,v’,,, the kinetic head of the 
gas. 

The value of (p: — p,) is chiefly determined by 
pi, since p, is small, except for very high pressure 
(some thousands of pounds per square inch). In this 
range, however, the volumetric gas flow is very small, 
most gas being in solution and the remainder being 
highly compressed. It now appears (see later) that for 
the correspondingly low gas velocities the slip losses 
are very small, so that any effect of N, will be of the 
second order and can be ignored. 

The quantity %p,v’,, can only affect the flow mecha- 
nism if its value is comparable with the values of other 
relevant quantities, e.g., that derived from the static 
liquid gradient p,gD. This condition only occurs for 
high values of v,,, i.c., in the upper part of the flow 
string in the well. Experiments will have to decide 
whether incorporation of N, as governing group is 
necessary for flow in wells and, if so, in what way. 


The remaining groups —WN, (liquid viscosity), Na 
(pipe diameter), R (velocity ratio) and N (liquid ve- 
locity )—will chiefly govern the flow mechanism. These 
groups may serve as variables in any experimental pro- 
gram and can be used for correlating purposes. 


By this use of dimensional analysis, three independ- 
ent quantities have been automatically accounted for— 
the surface tension, the liquid’s density and the gravity 
acceleration. Whereas the latter two would not vary 
much anyway, the surface tension may vary by as much 
as a factor of 40 or more when water is produced 
instead of oil. Such a variation wouid have the same 
effect as that of a simultaneous change in diameter, 
liquid viscosity and liquid velocity, as can be seen from 
the shapes of the groups. 


On the basis of the remaining four relevant groups, 
the following experimental program would seem to 
cover the field. 


1. Variation of gas and liquid flows for liquids of 
various viscosities, all in a certain pipe. This covers 
N, R and N,. 


2. Variation of gas and liquid flows in pipes differ- 
ing in diameter, for a limited number of liquids. This 
covers N,, while it can be verified whether o, p, and g 
have been correctly incorporated in the governing 
groups. 


3. A series of experiments with a rough and a 
smooth pipe would show whether the effect of ¢/D were 
as small as anticipated. 


4. Variation of the pressure level for a range of gas 
and liquid flows would show whether N, had any effect. 


Such a program has been carried out in the labora- 
tory. It was extended by a series of experiments in 
annuli. Main data are shown in Table 3. The ranges 
cover the greater part of oilfield conditions. This pro- 
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gram required, notwithstanding the restrictions dis- 
cussed, some 4,000 test runs, comprising some 20,000 
data points for pressure gradient and liquid hold-up. 


EXPERIMENTAL RESULTS 


A typical example of the results obtained is presented 
in Fig. 2 for the flow of air and gas oil in an 8-cm 
pipe. The solid lines refer to the observed pressure 
gradient, the dotted lines to the liquid hold-up e,. Both 
have been plotted against the gas throughput for various 
values of the liquid throughput. The gradient is ex- 
pressed in its dimensionless form, G = (1/p,g) (dP/dh). 
The throughputs are characterized by superficial veloci- 
ties. 


The lines originate from test runs in which the 
throughputs were varied in geometrical succession, with 


multiplying factors of \/2 and 2 for the gas and 
liquid, respectively. The lines of Fig. 2 represent a set 
of curves derived from some 1,250 data obtained in 
some 250 test runs. Except in the heading region (see 
section entitled “Heading’”), the standard deviation be- 
tween measurements amounts to less than 5 per cent 
and that for the averaging curves to less than 3 per cent. 


GENERAL PICTURE 
As shown in Fig. 2, pressure gradient and hold-up 
depend strongly on the gas throughput. 


At low gas throughput bubble flow prevails, the 
liquid phase then being continuous and the gas being 
dispersed in small bubbles. So long as the volume of 
the bubbles remains negligibly small, the liquid hold-up 
is equal to unity and the pressure gradient nearly 
equals the static gradient of gas-free liquid; thus, G = 1. 
Wall friction makes the gradient slightly higher at high 
liquid flow rates. 


At greater gas throughputs, wall friction causes the 
picture for a low liquid flow rate to differ from that 
for a high one. 


Dimensionless 


pressure gradient Liquid hold-up 


TABLE 3 
Flow String Liquid 
Di pi V1 
Type (cm) (cm) Type (gm/cc) (dyne/cm) (centistokes) 

Pipe 3.20 — Gas oil 0.828 28.0 4.0 
Pipe 3.20 — Lubricating oil 0.886 30.0 18.0 
Pipe 3.20 — Lubricating oil 0.937 32.0 337 
Pipe 8.02 — Water 1.000 72.0 1.00 
Pipe 8.02 — Mineral spirit 0.780 24.5 1,23 
Pipe 8.02 Gas oil 0.827 5) 4.2 
Pipe 8.02 -—— Lubricating oil 0.852 28.1 6.6 
Pipe 8.02 — Lubricating oil 0.880 29.1 13.1 
Pipe 8.02 Lubricating oil 0.902 30.1 
Pipe 8.02 — Lubricating oil 0.920 33.8 $1.5 
Pipe 8.02 — Lubricating oil 0.933 3351 290 
Pipe 14,23 — Gas oil 0.831 27.0 4.4 
Pipe 14.23 — Lubricating oil 0.878 29.0 16.0 
Annulus 14.23 6.01 Gas oil 0.834 28.0 4.8 
Annulus 14.23 8.99 Gas oil 0.837 28.0 49 
Annulus 14.23 8.99 Lubricating oil 0.677 29.0 14.1 


vsg between 0 and 10,000 cm/sec. 
vs_ between 0 and 320 cm/sec. 


Considering low liquid rates (v,, < 40 cm/sec), it is 
found that increased gas flow initially causes the num- 
ber and size of the bubbles to increase. At a still 
greater gas flow they unite and form bullet-shaped gas 
plugs, which collapse at still higher gas throughputs. 
Then slugs, containing mainly gas, alternate with slugs 
containing mainly liquid. All through these regions, 
friction remains negligibly small and the pressure gradi- 
ent G consequently equals the liquid hold-up which 
diminishes since, with increasing gas flow, there is 
more gas in the pipe. In a limited range (v,, <5 
cm/sec, 30 < v,, < 600 cm/sec), the measured liquid 
hold-up is even greater than G. In this case a downward- 
flowing wall film is present between pipe wall and gas 
slugs. This liquid film is supported by the wall and 
therefore contributes nothing to the pressure gradient, 
but increases the observed liquid hold-up. 


At still higher gas flows (v,, > 1,500 cm/sec, still 
Ve. < 40 cm/sec), the flow pattern changes from slug 
flow to mist flow. There, the gas becomes the con- 
tinuous phase with the liquid being transported mainly 
as droplets in the gas, and for a small part as a film 
along the wall. Wall friction makes its appearance, 


G & 10 
I 5 
2 
= 
Bubble-and plug flow Pras == = flow rate 
Slug flow ie 
NY 
D= 8.02cm 
<1 9.827 g/cm | = 20 cm/sec 
4-2 6S 
0 =27.5 dyne/cm 
= 2 cm/sec 
NWA \ 
\ 
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increases sharply with increasing gas flow rate, and far 
exceeds the ever-diminishing hold-up. Thus, the pres- 
sure gradient passes a minimum and rises sharply after 
that. 


On increasing the liquid throughput, the picture 
gradually changes over to the situation of high liquid 
velocity (v,, > 160 cm/sec), where the various flow 
patterns cannot clearly be discerned. When the gas 
flow increases from zero, no plug flow can be observed, 
but the flow becomes turbulent and frothy, with the 
gas dispersed in small bubbles. Only at high gas 
throughputs does any segregation take place, causing a 
rapidly repeating slug flow, gradually changing to mist 
flow at extremely high gas throughputs (v,, > 5,000 
cm/sec). Hold-up decreases only slowly, since with the 
high liquid velocity the volume of the gas in the pipe 
remains relatively small. The substantial friction, how- 
ever, increases continuously so that the pressure grad- 
ient initially decreases slowly with increasing gas flow 
and, after reaching a flat minimum, rises sharply. 


HEADING 


In a limited range (in the case of Fig. 2 for v,; < 
10 cm/sec and 10 < v,, < 30 cm/sec), the flow in 
the test installation varies in a cyclic manner with a 
period of some tens of seconds, in spite of the fact 
that at the bottom of the inflow section the injection 
rates of both gas and liquid are strictly constant. This 
phenomenon closely resembles the “heading cycle” dis- 
cussed by Gilbert. According to Gilbert, cyclic gas 
accumulation at some spot with gas storage capacity 
causes a relaxation oscillation. In a well producing 
through the tubing, the volume of the casing-tubing 
annulus has this capacity. In the experimental setup, 
however, no distinct volume is present and the gas 
storage capacity presumably is provided by the volume 
of the gas bubbles in the tubing. The detailed mecha- 
nism, however, is rather complex and not well under- 
stood. 


The heading intensity is greater the smaller the pipe 
and the lower the liquid viscosity. Greatest intensity was 
observed in a 3.2-cm pipe with gas oil. In this case 
the heading range was fairly wide and pressure fluctua- 
tions were so great as to make the accuracy of the 
pressure-gradient curves no better than 30 per cent. 
In less extreme cases, such as that of Fig. 2, accuracy 
in the heading range is estimated at 10 per cent. 


FLOW REGIME DIAGRAM 


The various flow patterns and heading phenomena 
just discussed only occur in limited zones. These zones 
can be presented in a diagram, in which the transitions 
between the various flow regimes are plotted as a func- 
tion of gas throughput and liquid throughput. Such a 
diagram is presented in Fig. 3 for the flow of air and 
gas oil in the 8-cm pipe. The throughputs are charac- 
terized by the velocity numbers of gas and liquid, i.e, 
RN and N, respectively. The various lines actually 
represent the limits of the correlations (discussed later) 
and roughly agree with the transitions between adjoin- 
ing flow patterns. 


LIQUID VISCOSITY 

The picture just given is broadly true for all situa- 
tions examined. Liquid viscosity has no noticeable effect 
on the pressure gradient so long as it remains less than 
6 centistokes. Higher viscosity, however, causes the 
pressure gradient to increase not only through increased 
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friction when friction is of influence, but also at low 
liquid throughputs where the hold-up is decisive. Ap- 
parently, the slip between gas and liquid increases with 
increasing viscosity—in contrast to what might have 
been expected from the friction law of Stokes.” The 
velocity distribution in the liquid, as it is affected by the 
presence of the pipe wall, presumably is responsible, or 
perhaps the interaction between gas bubbles. 


DIAMETER 

Wall friction appears to decrease with increasing 
diameter, just as in the case of single-phase flow. In 
the high velocity ranges where the friction is dominant, 
the pressure gradient consequently decreases with in- 
creasing diameter. With small liquid throughputs, how- 
ever, the pressure gradient will be affected only insofar 
as the hold-up is influenced. This is only the case at 
moderately high gas throughputs where increased di- 
ameter causes increased slip between gas and liquid, 
resulting in an increase in pressure gradient. 


ANNULI 

With annuli, a distinction between large and small 
liquid throughputs must again be made. With high 
liquid throughputs when wall friction is great, the 
hydraulic diameter (that is, the difference between 
internal casing and external tubing diameters) proves 
decisive, so that the pressure gradient increases with 
increasing tubing diameter for a given casing. When 
the liquid throughput is small, however, wall friction 
is small and the pressure gradient is nearly equal to 
the liquid hold-up. The latter appears to increase when 
the sum of the diameters of casing and tubing (i.e., the 
wetted perimeter) increases. 


Collars on the tubing in annular flow appear to give 
so slight an increase in pressure gradient that it can 
safely be ignored in field practice. 


WALL ROUGHNESS 

Wall roughness slightly affects wall friction, but not 
hold-up. The effect is noticeable when the pipe is very 
rough (¢/D ~ 10°). Though with a roughness com- 
parable to that of oilwell tubing («/D < 10%) the ef- 
fect is very small, it nevertheless has been incorporated 
in the friction correlation (see “Correlations’’). 


GAS DENSITY 
As discussed in the section “Elimination of Irrelevant 
Groups”, some effect of gas density may only be ex- 
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pected when the kinetic head of the gas, VE 'paVeg) 18 
large. Then, the flow mechanism is affected, i.e., the 
geometrical distribution and velocity distribution of 


gas and liquid that governs both liquid hold-up and 
wall friction. 


The effect of 42p,v,,° was studied in a high-pressure 
setup, in which y,,-values up to 2,500 cm/sec and gas 
densities up to 17 times atmospheric were realized. It 
appeared that both liquid hold-up and wall friction 
at high pressure were equal, within measuring accuracy, 
to those occurring under atmospheric conditions. The 
experiments covered all ranges, except the mist-flow 
range, corresponding to practically the entire range en- 
countered in flowing and gas-lift wells. Thus, in these 
wells any effect of gas density p, on the flow mechanism, 
ie., hold-up and friction, may be ignored. This fact 
does not necessarily mean that the pressure gradient 
too will be independent of the gas density. According 
to Eq. 1, a contribution of gas density to the pressure 
gradient is present, viz., by means of the gas hold-up 
term (l-e,) p,/p:. Whereas the contribution of this 
term to the pressure gradient is negligibly small both 
for any experimental installation and for almost all 
field circumstances, in extreme cases some influence 
may occur, i.e., in those cases where gas density is very 
high and hold-up and friction are low (low v,,, mode- 
rately high y,,). 

In the mist-flow range, however, the kinetic head of 
the gas will be substantial so that some influence of 
gas density is to be expected. No special tests at high 
gas density have been carried out in this range. How- 
ever, certain indications have been found with atmos- 
pheric tests carried out at extremely high gas velocities 
(¥., > 6,000 cm/sec). Here, the pressure gradient was 
high, resulting in a slight difference in absolute pressure 
of the successive subsections and, consequently, also in 
gas density. It appeared that the pressure gradient in- 
creased with increasing gas density. This fact indicates 
that in any well where mist flow occurs (viz., in wet- 
gas wells or in air-drilled wells with water-cut) the 
flow mechanism, and hence the pressure gradient, both 
must depend on the gas density. 


INFLOW AND OUTFLOW 

In the dimensional analysis carried out previously, 
equilibrium flow has been assumed. Regarding the great 
lengths of flow strings in field practice, this equilibrium 
flow will definitely occur in the field. In a test instal- 
lation, however, some influence of inflow and/or out- 
flow may occur.” 


In the installation used, the pressure gradient at the 
outflow appeared to remain unchanged up to just be- 
fore the outflow opening. Apparently, the outflow 
has no reaction on the mechanism of the flow just 
upstream. At the inflow side, however, the pressure 
gradient may be considerably greater than higher up 
for the same conditions, in particular at high flow rates. 
With the 8-cm pipe a ratio of up to 3:1 prevails for 
distances of 1 and 25 m from the bottom, respectively. 
The pressure gradient remains unchanged at distances 
L greater than 25 m, which corresponds to a relative 
inflow length L/D of 300. As in single-phase flow, 
the influence of pipe inflow length L on the flow 
mechanism will decrease with increasing relative inflow 
length L/D, in particular for those cases where wall 
friction is great and gas slip is small. However, for 
opposite situations with low wall friction and large 
gas slip, it is very likely that the inflow phenomenon 
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will be influenced not only by L/D, but also by the 
inflow length L itself or, rather, by the “dimensionless 


inflow section length” (p.g/c). Therefore, care 
was taken to ensure that in all runs the values of both 


L/D and Ly (pig/o) exceeded those of the afore- 
mentioned experiments, so that the data presented are 
free from any inflow effect. 

It should be mentioned that the critical values of 
L/D and LyV/ (pig/c) (~300 and ~ 13,000, respective- 
ly) are far higher than those for the majority of ex- 
perimental installations reported in the literature. The 
data obtained in those setups, therefore, as a rule will 
not be free from inflow effects. 


CORRELATIONS 


From physical considerations and experimental evi- 
dence, the following can be concluded. The various 
flow regimes can be divided into three main regions— 
those with low, intermediate and high gas throughputs, 
respectively. Region I, where the liquid phase is the 
continuous one, covers bubble flow, plug flow and the 
lower part of the froth-flow regime. Region II, where 
the phases of liquid and gas alternate, covers slug flow 
and the remainder of the froth-flow regime. Region III 
covers the mist-flow range and is characterized by a 
continuous gas phase. As can be expected, the entirely 
different nature of these main regimes (continuous 
liquid, alternating phases and continuous gas) causes, 
according to the section on “Experimental Results”, the 
behavior of both liquid hold-up and friction to be dif- 
ferent; in principle, therefore, 3 x 2 =6 different cor- 
relations are to be expected. 


The flow mechanism in Regions I and II appeared 
to depend exclusively on the four main dimensionless 
groups, representing the throughputs of liquid and gas, 
the pipe diameter and the viscosity of the liquid. In 
Region III, however, the flow mechanism depends not 
only on the above four groups, but also on the density 
ratio or, rather, on the gas density. Thus, liquid hold- 
up, wall friction and boundaries of the regions will 
depend on the four or five governing dimensionless 
groups, respectively. By means of the experimental 
data, the following correlations were obtained for these 
quantities. 


LIQUID HOLD-UP 

As discussed earlier, e, signifies a “pseudo hold-up” 
representing that part of the measured liquid hold-up 
which contributes to the pressure gradient. All measured 
liquid hold-up data, therefore, have been corrected 
for the liquid film that is supported by the wall. (See 
also the sections “Formula for the Pressure Gradient 
of Gas-Liquid Flow” and “Experiental Results”.) In 
practice this means that, for experiments with great 
liquid throughput where the influence of wall film can 
be ignored, the measured hold-up has been taken; while 
at low liquid throughput, where the friction is negligibly 
small, e,; is equal to G. 

The liquid hold-up «; is functionally related to the 
slip velocity v,, which is the difference between real 
average gas and real average liquid velocities and is 
defined as follows. 


From this definition, the expression for «, follows. 
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Vel 
V; 


or, in dimensionless form, 


—(1+ Rs) (2a) 


4 
where S = dimensionless slip velocity = v,\/ (p:/ga). 


For the sake of convenience, the slip velocity and 
not the liquid hold-up has been correlated with the 
governing groups. As pointed out three ranges must be 
discerned—that of low, that of intermediate and that 
of high gas throughput. The formula which covers the 
bubble-flow and part of the plug-flow and froth-flow 
regimes (Region I) reads as follows. 


Slip Correlation I 


il se 


In this equation, the dimensionless slip velocity S is 
related to the velocity numbers of liquid and gas, 


4 4 
= VarV and = VigV respec- 


tively. F, and F., given in Fig. 4, are dimensionless 
factors depending on the liquid’s viscosity number only. 
F’, depends on both viscosity and diameter and is 
represented by 


Na 
where both F; and F, are again factors depending on the 
liquid’s viscosity number only (see Fig. 4). For flow 
in pipes, the diameter number N, is based on the in- 


ternal diameter of the pipe [Nz = DV (p.g/o)]. For 
flow in annuli, however, the diameter number is based 
on the sum of internal casing diameter D and external 
tubing diameter D; (or, rather, on the wetted peri- 
meter); thus, Nz = (D + D,)V (pig/c). 

The lower limit of the range of validity of Eq. 3 
prevails for both RN and WN zero. Then, S equals F, 
and «, equals unity. The upper limit of Eq. 3 coincides 
with the lower limit of the heading range in the ex- 
perimental installation given by 


(3a) 


Fa 
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while the dimensionless factors L, and L,, given in Fig. 
5, depend on the diameter number. 


Slip Correlation II 


In the range of intermediate gas throughputs, cover- 
ing the slug-flow and part of the froth-flow regimes 
(Region IT), the correlation reads 

0.982 

As in the previous correlation, the F-factors in Eq. 4 
become constants in specific field applications when 
viscosity and diameter are given. F; and F, again de- 
pend in fact on the liquid’s viscosity number only (see 
Fig. 6); likewise, F, in the expression for F’,, reading 

The factor F, seems to be a constant, but its value has 
not yet fully been established. Again, for flow in annuli 
the diameter influence number N, should be based on 

The lower limit of the range of validity of Eq. 4 
coincides with the upper limit of Eq. 3 when liquid 
throughput is high. However, when heading occurs at 
low liquid throughput, the limit becomes equal to the 
upper limit of the heading range. This leads to the 
condition 
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in which the L-factors depend on the diamenter in- 


fluence number (see Figs. 5 and 7) and on the viscosity 
number (see Fig. 8). 


Eq. 4 covers the slug-flow and the remainder of the 
plug-flow and froth-flow regions up to the transition 
zone to mist flow. This upper limit is expressed by 


Between the ranges of validity of Eqs. 3 and 4a 
gap exists, enclosing the heading range of the experi- 
mental installation, viz., when 


No attempt has been made to derive a correlation for 
the slip velocity in this range because the measurements 
are not very accurate. It is thought, however, that the 
slip velocity can be approximated with reasonable ac- 
curacy by linear interpolation between the S-values of 
Eqs. 3 and 4 along the respective boundaries on the 
basis of the value of RN. 


Hold-up Correlation III 


For high gas throughputs outside the slug-flow range 
(that is, for RN > 50 + 36N), the gas phase becomes 
continuous, resulting in a high slip velocity and, con- 
sequently, a small ¢,-value. This small value can be ap- 
proximated for mist-flow conditions (Region III) by 


= 


_-. In contrast to the previous correlations, N, is 


d 
here based on the hydraulic diameter of the flow string; 
thus, for annuli Nz; = (D — D,) V (pig/c). For the 
high gas flow rates encountered in gas-condensate wells, 
the contribution of the hold-up to the total pressure 
gradient is very small. 


WALL FRICTION 
In the equation for the dimensionless pressure grad- 
ient 


G= + Friction Term, 
dh pi (1) 


the last term represents the wall friction. We may 
postulate that the friction is governed by a Fanning- 
type of friction law. 
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Thus, when made dimensionless by dividing by pig, the 
last term in Eq. 1 becomes 


Friction Term = (: + 
22D Vey 
In this equation it has been assumed that the friction 
is caused by shear stress in the liquid phase. This as- 
sumption would seem reasonable for the Regions I and 
II where the liquid phase is more-or-less continuous. 
In Region III, however, the gas phase is continuous 
and friction originates from the drag of the gas on the 
pipe wall. Then, the friction law should be based on 
the gas phase. 
PoVeo Vet 
Friction Gradient = 4f,, 1+ : 
2D ( 
Since in the mist-flow range v,, is very small com- 
pared with v,,, this equation when made dimensionless 
simplifies to 


Friction Term = 4f,,— 
2gD 


For given conditions of flow, the friction term (Eq. 
la or Eq. 1b) can be evaluated when the dimension- 
less friction factor f,, is given. On the basis of the ex- 
perimental data, it appeared possible to derive one 
correlation for f,, which covers both Region I and 
Region II. This correlation reads as follows. 


(1b) 
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Friction Correlation 


he (5) 


where the following are true. 


f, is given in Fig. 9 as a function of the Reynolds 
number of the liquid: Re, = p.v.,D/:. As in Eq. 1a, 
D is the hydraulic diameter D,, of the flow string. Thus, 
V (pig/o). Fig. 9 is identical with the well known 
Moody diagram (see Ref. 12) valid for single-phase 
flow, except in the transition range between laminar 
and turbulent flow at 700 < Re, < 3,000. The effect 
of relative wall roughness «/D, though a factor of 
secondary importance, is shown as well. 


f. is a correction for the in situ gas-liquid ratio R 
and is given as a function of the group f,RN,”” in Fig. 
10 (unbroken line). The value of f, is nearly equal to 
unity when R is small, but decreases sharply when R 
becomes high. 

f; is a further correction of the second order for 
both liquid viscosity and in situ gas-liquid ratio and 
equals 1 + f,/R/50. For low-viscosity liquids, the 
value of f, is very small, so that f, then nearly equals 
unity. With increasing viscosity, f, increases and with it 
f,. Its influence on the pressure gradient, however, is of 
importance only for viscosities higher than some 50 
centistokes. 

Eq. 5 is valid for all values of N encountered and 
for RN-values up to RN = 50 + 36N. The Friction 
Correlation I-II thus covers both the ranges of the 
Slip Correlations I and II, and the heading range as well. 


Friction Correlation III 


This correlation, covering the mist-flow range, Re- 
gion III, reads 


where f, is given in Fig. 9 as a function of the Reynolds 
number. As has already been mentioned, the friction 
term of Eq. 1b has been defined on the basis of a con- 
tinuous gas phase. Accordingly, in Fig. 9 the Reynolds 
number of the gas phase must be taken as Re, = 
PoYsoD/m,. Again, in this expression as in Eq. 1b, D is 
the hydraulic diameter of the flow string. 

The liquid film on the pipe wall is rippled, causing a 
high friction for the fast-moving gas. This friction can 
be accounted for by a fictitious wall roughness «. For 
the low-pressure cases investigated, the value of « ap- 
peared constant and equal to 0.032 cm. 

Eq. 6 is valid in the mist-flow range, Region III, 
characterized by 


for air-liquid systems at nearly atmospheric pressure 
and temperature. No data are available from systems 
at elevated pressures. It is thought, however, that a 
modest extrapolation of Eq. 6 to higher pressures is 
permissible. 

A gap exists between the upper limit of the slug-flow 
region, Eq. 4c, and the lower boundary of the mist-flow 
region, Eq. 6a. The pressure gradient in this transition 
zone can be approximated by linear interpolation of the 
G-values along the respective boundaries on the basis 
of the value of RN. 


In Fig. 3, the various boundaries are given for the 
flow of air and gas oil through the 8-cm pipe. The 
various correlations to be used have also been indicated. 


ACCURACY 


The accuracy of the correlations is reasonable. In the 
range of low gas throughputs, Region J, the standard 
deviation between measured G-values and those de- 
terminated from the correlations amounts to 3 per cent, 
which is equal to the measuring accuracy. In the range 


of intermediate gas flows, Region II, the standard devia- 
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tion of the discrepancies amounts to 8 per cent. This 
figure unfortunately is higher than that of the measur- 
ing accuracy, 3 per cent, but this is only to be expected 
in view of the unstable and pulsating character of the 
flow. For mist flow, Region III, the standard deviation 
amounts to some 10 per cent. 


RANGES OF APPLICATION 


Regions I and II, for which Slip Correlations I and 
II and the Friction Correlation I-II are valid with 
boundaries between 


cover almost the entire range encountered in flowing 
and gas-lift wells: (1) liquid viscosities between 1 and 
300 centistokes; (2) gas-liquid ratios between O and 
1,400 scf/bbl, assuming a wellhead pressure of 70 psig 
or higher; and (3) liquid flow rates between 0 and 
2,400, 10,000 and 30,000 B/D through 1.66-, 3.5- and 
6-in. tubing, casing or annuli. 

Since no systematic deviations were found with the 
highest liquid flow rates or with the largest flow strings, 
extrapolation of these values for rate and size would 
seem permissible. 

Region III, representing the type of flow encountered 
in gas-condensate wells, is covered by Hold-up Correla- 
tion III and Friction Correlation HI. The correspond- 
ing range in wells depends on the gas velocity, which 
should be greater than about 30 ft/sec. It should be 
noted that both Region III correlations originate from 
experiments carried out at atmospheric conditions. 
Therefore, their application in high-pressure wells should 
be regarded as an approximation. 


PRESSURE-GRADIENT CORRELATION 
FOR HORIZONTAL FLOW 

It appeared that a modification of the correlations 
valid in Regions I and II may also be used for predict- 
ing the pressure gradient for gas-liquid flow in hori- 
zontal pipes. In establishing this fact, some 2,000 
pressure-gradient measurements carried out by Hoogen- 
doorn’ for gas-liquid flow in horizontal pipes have been 
analyzed on the basis of Eq. 1. However, the contribu- 
tion of hold-up to the pressure gradient is zero in a 
horizontal pipe, so that the corresponding hold-up term 
has been omitted. Moreover, for the cases investigated, 
the effect of acceleration was only slight so that the 
acceleration term was also ignored. The resulting for- 
mula then becomes identical to Eq. 1a. 
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Ver 
f 
The f,-values obtained from Hoogendoorn’s data were 
substituted in Eq. 5. 


= he 


in which the values of f, and f, for the corresponding 
situations in a vertical pipe were substituted. As a re- 
sult, a relationship for f, for horizontal flow was ob- 
tained (see Fig. 10, broken line). Comparison of 
Hoogendoorn’s data with the obtained correlation ap- 
peared to be favorable for R-values below 50. The 
relative standard deviation of the value of G amounts 
to 11 per cent when G exceeds 0.15. For lower G- 
values, the standard deviation of the absolute discrep- 
ancies was determined to be 0.015. 


DISCUSSION 


In the section “Elimination of Irrelevant Groups”, 
we have seen that with the use of dimensionless groups 
three independent quantities should automatically be 
accounted for, of which only the surface tension may 
vary appreciably. This has appeared to be correct. In 
the form given, the correlations predict the pressure 
gradient satisfactorily for both oil and water. If the 
values of p; and o of gas oil are applied to the flow 
of water, however, the discrepancy between measure- 
ments and correlations rises sharply. 


The results presented by Baxendell and Thomas’ 
have been compared with the correlations presented 
herein (see the Appendix). The agreement is excellent, 
showing that the set of correlations presented is at 
least valid for high-potential wells where the influence 
of slip is small. More data, however, will be required 
to establish the validity in other ranges. 

Apart from the phenomena that limit the range of 
validity of the correlations presented, at least four more 
phenomena might cause a discrepancy between the 
pressure gradient in a well and that computed from 
the correlations—i.e., heading, flashing, slug length and 
water-cut. 

The heading ranges in the field will probably differ 
from those encountered in the laboratory installation. 
In a well, interaction is to be expected between head- 
ing zone and adjoining zones. Moreover, in most cases 
the volume of the annulus will provide an extra gas- 
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capacity. Both factors will extend the heading 
Whether or not this will influence the pressure 
\can only be decided by making tests in wells. 
ver, it should be noted that when heading 


__—wecurs the liquid velocity is likely to be low. Such a low 


liquid velocity usually indicates that the flow string for 
maximum potential production (see “Introduction’’) 
will have a cross-sectional area smaller than that in 
use. Therefore, replacement of the existing flow string 
by a smaller-sized one may result in a considerable 
increase in production. 


Both increase in production and decrease in cross- 
sectional area cause the superficial liquid velocity to 
increase. Its value is likely to become so great that the 
flow is outside the heading range, despite the fact that 
this range becomes increasingly extensive with decreas- 
ing pipe cross section. 


As for flashing, the following can be remarked. The 
flow pattern in the test setup differs in one essential 
respect from that in a well. In the test setup, gas is 
injected through fairly large-sized nozzles so that big 
gas bubbles are to be expected. In a well, however, the 
gas originates from flashing so that, at least initially, 
the gas bubbles will be very small. Consequently, 
discrepancies between well and test setup are to be ex- 
pected. Fortunately, these discrepancies will be of im- 
portance in a limited range only, namely for bubble 
flow. Some tests carried out in this range with disper- 
sions of different fineness did not show any measurable 
influence of bubble-size distribution on the pressure 
gradient, so that the effect probably can be ignored 
altogether. 


The longest gas slug observed in the experimental 
installation had a length of approximately 60 ft. In 
gas-lift wells, however, gas slugs of far greater length 
occur. This probably is due to interaction. Whereas the 
flows of gas and liquid at the bottom of our test setup 
were strictly constant, the flow through a certain cross 
section of the flow string in a well is fluctuating; viz., 
gas and liquid alternate in slug flow. The flow mecha- 
nism in the string above this cross section, therefore, 
cannot help but be different from the flow for com- 
parable situations in the test setup. The resulting dis- 
crepancy may cause some difference in pressure gra- 
dient. 


The investigation carried out dealt with gas-liquid 
systems with either oil or water as liquid. However, as 
soon as wells are encountered that produce oil and 
water as well as gas, some discrepancies are again to 
be expected. The difference in density of the two 
liquids in fact causes the lighter component (oil) to 
rise faster than the heavier one. Moreover, some 
emulsification is likely to take place, which has a bear- 
ing on the coalescense of gas bubbles and the forma- 
tion of gas slugs and which may even yield a highly 
viscous pseudo-liquid. The degree of emulsification de- 
pends both on the flow variables and on the chemical 
composition of the components, a dependence which is 
likely to be extremely complex. Therefore, it is con- 
sidered impractical to establish such relationships for 
the general case. For the approximation of the pres- 
sure gradient for this type of flow, it is recommended 
that linear interpolation be carried out between the 
pressure gradients which would occur for the same total 
throughputs in the cases of water-gas and oil-gas flows. 
This interpolation should be carried out on the basis 
of the percentage water-cut. 


1048 


Finally, it can be remarked that the correlations 
presented are rather complicated. However, if one of 
the F-factors is omitted or its dependence on viscosity 
number is simplified, the discrepancy between measure- 
ments and correlations increases significantly. The com- 
plexity of the correlations makes their evaluation labo- 
rious. However, the computation of pressure against 
depth is laborious anyway, so that machine computation 
can be used with advantage. This has even been the 
case with the relatively simple correlation method of 
Poettmann and Carpenter.’ Fortunately, with machine 
computation the intricacy of the formula to be evaluated 
is of little importance. 


NOMENCLATURE 


D = internal diameter of tubing or casing, L 
D, = hydraulic diameter = D — D,, L 
D, = external diameter of tubing, L 
G = dimensionless pressure gradient = (1/p,g) 
= 
L = length of inflow section, L 
N = velocity influence number liquid 
4 


= VsiV (pi/ge), 
N, = diameter influence number 
= Div (pig/e), 
N, = viscosity influence number gas 
4 
= MeN) 
N, = viscosity influence number liquid 
N, = gas-liquid density ratio = p,/p:, — 
4 


= dimensionless slip velocity = v,\/ (p:/go), — 
dP/dh = pressure gradient, ML°T* 
R = in situ gas-liquid velocity ratio = v,,/Vs1, — 

f, = dimensionless irreversible energy-loss factor, 

f = friction factor in single-phase flow, — 

f.. = friction factor in gas-liquid flow, — 

g = gravity acceleration, LT” 

v = fluid velocity in single-phase flow, LT~ 
V., = superficial gas velocity, 
V,, = superficial liquid velocity, LT” 

a = wall contact angle, — 

€ = wall roughness, L 
€, = liquid hold-up, — 

@ = inclination of the pipe, — 
dynamic. gas viscosity, 

= dynamic liquid viscosity, 
= kinematic gas viscosity = p,/p,, L°T* 
v, = kinematic liquid viscosity = y./p,, L°T* 

p = fluid density in single-phase flow, ML~* 

Po = gas density, ML”® 
p: = liquid density, ML* 
o = surface tension, MT” 
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APPENDIX 


A comparison has been made between the results of 
Baxendell and Thomas’ and the set of correlations given 
in this paper. Baxendell and Thomas presented the 
relationship between f, and QM/D for high-potential 
wells and high-rate flow lines, f, being Poettmann and 
Carpenter’s irreversible energy-loss factor and QM/D 
the correlating parameter (see Ref. 2). In the range 
of QM/D covered by Baxendell and Thomas, values 
of f, were computed from our set of correlations for 
the prevailing conditions. To achieve this, our set of 
correlations was used to determine the pressure gradi- 
ent, whose value in turn was substituted in Poettmann 
and Carpenter’s energy-balance equation; thus, values 
for f, were found. It appeared that for a given value of 
QM/D the computed values of f, varied slightly with 
the percentage of free gas present. The slightly dif- 
fering f,-values have been averaged and the resulting 
figures plotted vs QM/D next to the f,-QM/D relation- 
ship of Baxendall and Thomas. As shown in Fig. 11, 
the agreement is excellent. tk 
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The Effect of Horizontal Hydraulic Fracturing 
On Well Performance 


J. H. HARTSOCK 
J. E. WARREN 
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ABSTRACT 


Because of the extensive utilization of hydraulic frac- 
turing for the stimulation of low-productivity wells, the 
two related problems of fracture design and evaluation 
have become economically significant and, as a con- 
sequence, have motivated this investigation. The pro- 
ducing characteristics of horizontally fractured wells 
were studied to determine the fracture configuration 
that should be employed as the basis for the design of 
the treatment and to develop a method that can be 
used to establish the degree to which the design objec- 
tives have been achieved. 


The equations which describe the steady-state flow 
of a single-phase fluid into, and through, a finite-capacity 
fracture were solved numerically for an idealized reser- 
voir-fracture model. The numerical results were used 
to obtain an apparent skin effect for each combination 
of the parameters considered. 


Based on the computed results, subject to the limita- 
tions implied by the assumptions that were made, the 
following general conclusions were drawn. 


1. For a radius of drainage at least four times as 
large as the radius of the fracture, an apparent skin 
effect that is independent of the radius of drainage can 
be calculated. 


2. The productivity of the hydraulically fractured 
system, relative to that of the unfractured well, can 
be determined from the apparent skin effect and can 
be used to establish design objectives. 


3. In the evaluation of a fracture job, it is not pos- 
sible to determine both the radius of the fracture and 
its flow capacity uniquely from the apparent skin effect; 
an independent determination of one of the quantities is 
necessary. 


INTRODUCTION 


Although hydraulic fracturing has been employed 
as a method for stimulating the productivity of literally 
hundreds of thousands of wells during the past 10 years, 
it is only in the last few years that improvements in 
fracture design’’ and fracturing technique’ have com- 
bined to increase the probability of obtaining a success- 
ful treatment to such an extent that the mechanics of 
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Paper presented at Seventh Annual Rocky Mountain Regional Meet- 
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the method may be considered to be standardized. From 
an economic point of view, however, two related ques- 
tions must be satisfactorily answered before hydraulic 
fracturing can be used in the most profitable manner. 
The two questions are the following. 

1. For a particular well in a given formation, what 
are the optimum design specifications for the fracture 
treatment? 

2. Have the design objectives been achieved by the 
fracture treatment? 


The significance of these questions has been recog- 
nized, and some attempts to obtain answers have been 
made. Howard, et al,’ endeavored to determine the 
optimum treatment, based on maximizing profits, for 
any given formation; unfortunately, this work was based 
on a crude method for approximating the productivity 
of a well. Carter and Tracy’ utilized the same approxi- 
mation to study the effect of fracturing on the behavior 
of a well producing by virtue of a solution-gas drive. 
Electrolytic models were used by van Poollen” to investi- 
gate the variation in productivity due to fracturing; 
however, only a limited number of results were pre- 
sented. Later, from the same model results, van Poollen, 
et al,” attempted to justify an approximate expression 
for determining the productivity of a fractured well. It 
is quite apparent that there is a definite lack of the 
practical information necessary for specifying the opti- 
mum fracture configuration to be considered for design 
purposes. 


The only detailed attempt to develop a procedure for 
evaluating the result of a given fracture treatment appears 
to be that of van Dam and Horner.” These authors de- 
scribed a technique for analyzing pressure build-down 
data, obtained immediately after fracturing, to determine 
the final fracture volume, the final fracture porosity, the 
fracture area, the fracture thickness and the in situ 
fluid loss of the fracturing fluid. While this approach 
should be useful whenever acceptable pressure measure- 
ments are available, it does not yield a value for the 
flow capacity of the fracture. 


Since the problems of fracture design and evaluation 
are inversely related, it should be sufficient to study 
the effect of the fracture configuration on the perform- 
ance of a well. The primary objective of this investi- 
gation is to evolve a technique for computing the de- 
sired solutions. The secondary objective is to analyze 
these computed results in order to prescribe a method 
for evaluating fracture treatments. 


Because this study is exploratory in nature, its scope 
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must be kept within reasonable bounds. Therefore, only 
the steady-state flow of a single-phase fluid will be con- 
sidered and only idealized horizontal fractures in 
idealized formations will be investigated. 


THEORETICAL CONSIDERATIONS 


To simplify the mathematical problem, the following 
physical assumptions are made. 


1. The reservoir is horizontal and homogeneous; it 
has a uniform thickness h and anisotropic permeability 
with components k, and k.; it is completely penetrated 
by a well with a radius of r,,. 


2. A single, horizontal, symmetrical fracture with a 
radius of r,; and a uniform flow capacity (kh), is located 
at the mid-point of the reservoir; formation damage 
due to invasion by the fracturing fluid is negligible. 


3. A single-phase, slightly compressible fluid is flow- 
ing from the reservoir to the well at a constant rate; 
there is no flow across the horizontal reservoir boun- 
daries or the cylindrical surface at the well’s radius of 
drainage, r.; and, the only flow into the well itself is 
via the fracture, i.e., single-point entry. 


4. At some critical radius r., flow is purely radial 
so that the pressure is constant over the cylindrical 
surface at r.; the pressure distribution in the region 
between the well and the critical radius approaches a 
steady-state distribution after a sufficient period of pro- 
duction; and the flow between the critical radius and the 
radius of drainage is unaffected by the presence of the 
fracture. 


5. The apparent skin-effect, due to the distortion of 
the flow pattern by the fracture, can be calculated from 
the steady-state pressure distribution; it can be used 
to interpret pressure build-up data if the theory for 
the infinite reservoir applies to at least a portion of the 
build-up curve (i.e., the effect of the fracture has dis- 
appeared and the effect of the drainage radius has not 
been felt so that the build-up curve is linear); and it can 
be employed in the interpretation of stabilized produc- 
tivity indices (PJ) measurements. 


A cross-section of this idealized reservoir-fracture 
model is shown in Fig. 1. 


At first glance, it may appear that the idealized 
model defined by these physical assumptions is so re- 
stricted that it has few practical applications. Fortunate- 
ly, this is not the case. This model should be fairly 
realistic since it has been demonstrated that results from 
similar physical models were not particularly sensitive 
to deviations from idealizing assumptions. For example, 
Crawford and Landrum” indicated that either a fracture 
dip of as much as 15° from the horizontal or an el- 
lipsoidal fracture with a major axis-minor axis ratio 
as great as two could be tolerated without introducing 
an appreciable error. Brons and Marting™ showed that 
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the apparent skin effect, due to a partially penetrating 
well, that was obtained from an unsteady-state solution 
could be approximated by that determined from the 
steady-state solution of Muskat;” theoretical results 
from Miller, et al,° and field results from van Ever- 
dingen” corroborated the applicability of the skin-effect 
concept in the analysis of pressure build-up data from 
stimulated wells. 


The behavior equations for the idealized physical 
system are given in the Appendix. Although the math- 
ematical problem is susceptible to formal solution in 
dual intergral- or infinite-series form, the numerical 
evaluation of the solution is eventually required; there- 
fore, the problem was cast in finite-difference form and 
solved by numerical methods. The numerical technique 
—implicit alternating-direction method“—as well as 
other computational considerations, are discussed in the 
Appendix. 


The computed solutions are characterized by the 
following three dimensionless parameters. 


Ry, = 
H = Vk,/k,— 


For each combination of these parameters, the ap- 
parent skin effect S$ is obtained by operating on the 
numerical solutions. According to definition, 


27 (kh), 


If H < 8R,, Eq. 2 can be evaluated numerically with a 
maximum error of approximately 1 per cent for R, = 
4K,. Obviously, this condition imposes a restriction on 
the radius of drainage (i.e., R, > 4R,); consequently, 
the results from this study apply only if the fracture 
radius is less than 25 per cent of the drainage radius. 
The conditions on R, is based on computational experi- 
ments, and it is a sufficient condition for all of the 
cases considered. The determination of the necessary 
condition for each particular combination of parameters 
is beyond the scope of this investigation. 


The results obtained with a single fracture located 
at the mid-point of the formation can be generalized 
quite simply to include other geometries. The apparent 
skin effect for a fracture located at the top or bottom 
of the formation, S’, is given by the following expres- 
sion. 


If the formation is subdivided into N equal intervals 


and a fracture is placed at the mid-point of each in- 
terval, the apparent skin effect S, is the following. 
Two equations are necessary to provide essential 
information concerning reservoir behavior for the opti- 
mization of the fracture treatment. Generally, for a 
fixed pressure drawdown and a fixed average reservoir 
pressure, 


To a limiting economic production rate q.,, the dif- 
ference in the ultimate recoveries that can be expected 
from the fractured and unfractured systems is related 
to the difference in the average reservoir pressures at 


abandonment, (p, — py). 
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For evaluating a fracture treatment, the skin effect 
can be found by two methods. If a pressure build-up 
test is run after a well has been fractured and if an 
adequate linear segment is obtained when the shut-in 
pressure is plotted vs log (t + At)/At, the skin effect 
can be calculated as follows. 


m 
(7) 


If stabilized productivity indices are measured just be- 
fore fracturing, (P/),, and immediately after fracturing, 
(PI),;, the skin effect can be determined from the fol- 
lowing equation. 
(PI); 

For identical drawdowns, the ratio of the productivity 
indices can be replaced by the ratio of the production 
rates, q,/q;. 


RESULTS AND DISCUSSION 


Figs. 2 through 5 show the generalized results obtained 
by numerical computation; the apparent skin effect S 
is given as a function of the dimensionless parameters 
R,, H and X. The following ranges of the parameters 
are considered: 100 < R, < 800, 100 < H < 800, and 
200 < A < 25,000. The fracture-formation flow ca- 
pacity ratio (kh) ,/(kh), is equal to X/H; therefore, the 
range of this ratio is .25 < (kh),/(kh), < 250. 


It is significant that the generalized results indicates 
that it is possible to obtain a reduction in productivity, 
S > 0, if a fracture treatment is poorly designed. This 
possibility is particularly evident when # is large; i.e., 
the formation is very thick or extremely anisotropic, 


\ 


\ 


\ 
\ 


| n-200 


————__] H=100 
100 00 
d= (kh)y ry 
Fic. 2—Computep Resutts, R, = = 100. 
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k,»k,. It is obvious that there is an infinite number 
of combinations of R,;, H and X that will give the same 
value for S; in this sense, these results are not unique. 

The relative effect of fracturing on productivity tor 
typical field conditions is indicated in Fig 6; results 
obtained from two different approximations as well as 
those based on computation are shown. The approxi- 
mation due to Howard, et al,” is 


S=— (In = (kh). 


Ry* +200 


| 
H=!100 
wo 1000, 000 
r 
Fic. 3—Computep Resutts, R, = — = 200. 


wo 


Ry = fL=400 


H= 400 
7 
1000 


Fic. 4—Computep Resuits, = 
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NES 
wo 10000 


= (kh), 


Fic. 5—Computep Resutts, R, = = 800. 


w 


and, from van Poollen, et al,” 


S= (in rite) + (kh),/(kh),|. 


These two approximations converge if (kh), » (kh),; 
however, since neither of them contains the formation 
thickness explicitly, it is not surprising that they agree 
reasonably well with the computed results only for thin 
formations. For short fractures in thick formations, er- 
rors in excess of 100 per cent are possible if these 
approximations are used. 


The effect of fracture location on productivity is 
demonstrated by the typical results presented in Fig. 
7. As might be expected, the thicker formation is more 
sensitive to the position of the fracture, i.e., a relative 
productivity decrease of 24 per cent compared to a 
7 per cent decrease for the thinner formation. In both 
cases, however, the productivity decrease per foot of 
deviation from the mid-point is approximately .5 per 
cent; since the probable error in fracture placement 
may be assumed to be independent of bed thickness, 
the effect of missing the mid-point of the formation ap- 
pears to be insignificant. Curves similar to those shown 
can be used to determine the relative productivity 
change that can be expected when the fracture is de- 
liberately placed at the top or bottom of the pay because 
of fluid segregation problems. 


To illustrate the influence of multiple fractures on 
productivity, two cases are compared in Fig. 8. In one, 
a single 100-ft fracture is placed in the center of the 
formation; in the other, four 50-ft fractures are located 
at the mid-points of four equally thick subdivisions of 
the reservoir. The total surface areas are equal for both 
cases and the flow capacities of the fractures are con- 
stant. The results indicate that multiple fractures are 
more desirable when the (kh),/(kh), is small and that 
a single fracture is more beneficial when the ratio is 
large. The ratio of flow capacities at which the two 
curves cross will increase as the thickness is increased, 
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Fic. 7—Errect oF Fracture Location. 


and it will decrease as the radius of fracture is in- 
creased. 


The manner in which the productivity is affected by 
the vertical permeability is shown in Fig. 9. The effect 
is quite substantial over the range of k,/k, considered. 
It must be borne in mind that the effective value of 
the ratio of the directional permeabilities probably is 
much greater than that determined from laboratory 
measurements on small core samples because of the 
presence of shale breaks and other permeability bar- 
riers in the reservoir. Unfortunately, little is known 
quantatively about the in situ anisotropy of reservoirs; 
a method for determining the ratio of horizontal and 
vertical permeabilities has been proposed,” but it has 
not been tested in the field. 


PRACTICAL APPPLICATIONS 


FRACTURE DESIGN 

To use the computed results for determining the opti- 
mum objectives for the design of a fracture treatment, 
it is necessary to prepare a work curve similar to that 
shown in Fig. 10. If the well spacing, formation thick- 
ness, wellbore radius, horizontal permeability and ver- 
tical permeability are known, the work curve can be 
obtained from the data in Figs. 2 through 5 and Eq. 5 
for a given fracture location. From imbedment, crush- 
ing and fluid-loss tests on core samples, practical limits 
on the flow capacity of the fracture can be determined 
and the fracturing costs can be fixed. Then, the pro- 
duction history of the well, PVT data and/or the for- 
mation characteristics can be used to predict perform- 
ance from the time of fracturing for both the fractured 
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and unfractured cases. With this information in hand, 
an economic evaluation can be made to determine 
which fracture configuration will yield the maximum 
profit. For a detailed discussion of the economic com- 
parison, see the paper by Howard, et al.* 


If a particular well has a constant-percentage decline 
curve characterized by a decline factor D, there is a 
simple method for obtaining a lower limit on the value 
of q,/q, for a given treatment. For payout, the net in- 
come from the additional ultimate economic oil produc- 
tion due to fracturing, AQ, must equal the cost of the 
fracture; for the required value of AQ, the minimum 
value of q,/q, is given by the following expression. 


Gi) min =) (Gee — DAQ). 


This limiting condition will serve to eliminate many 
possible treatments from further consideration. 


The most uncertain quantity used in the preparation 
of the work curve is the vertical permeability. Since 
this parameter can have a marked effect on the pro- 
ductivity, it will affect the subsequent economic analysis 
significantly; therefore, it would be desirable to de- 
termine a reasonable value for each field or each distinct 
portion of a field. Fortunately, when the formation has 
been notched for the single-point entry of fluid, the 
wellbore conditions are ideal for determining the vertical 
permeability from pressure build-up data.” In lieu of 
this method, whole-core analysis can be used to evaluate 
the vertical permeability. 


FRACTURE EVALUATION 

To evaluate the fracture treatment, the apparent skin 
effect can be calculated from pressure build-up data 
(Eq. 7) or from the stabilized productivity indices 
(Eq. 8). Using the measured value for S and Eq. 5, 
qd;/d, can be determined. If this value of the produc- 
tivity ratio agrees with that which was the basis for 
the design of the fracture treatment, the design objec- 
tives probably have been achieved. 


Because the productivity ratio is not a unique func- 
tion of the flow capacity and the radius of the fracture, 
an independent source of information is required 
for a more complete comparision with the design ob- 
jectives. The technique proposed by van Dam and 
Horner” can be used to estimate the radius of the frac- 
ture by analyzing pressure build-down data obtained 
immediately after fracturing. With this value for the 
fracture radius and the apparent skin effect, the flow 
capacity of the fracture can be estimated from Figs. 
2 through 5. If agreement with the design objectives is 
observed, the method of design is probably valid for that 
particular formation. If agreement is lacking, the dis- 
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crepancies between the observed and designed character- 
istics — together with the fracture thickness, fracture 
porosity and in situ fluid loss, determined according to 
van Dam and Horner—may be utilized to diagnose the 
deficiencies inherent in the treatment employed. 


If consistently favorable evaluations of fracture treat- 
ments are obtained in a given formation, it is highly 
probable that the fractures conform to the idealized 
horizontal pattern that was assumed. The accumulation 
of results from design evaluations could help to settle 
the controversy concerning fracture orientation, Le., 
horizontal or vertical. 


SUMMARY AND CONCLUSIONS 


The equations which describe the steady-state flow 
of a single-phase fluid into, and through, a finite-capacity 
fracture were solved numerically for an idealized res- 
ervoir-fracture model. The numerical results were used 
to obtain an apparent skin effect for each combination 
of the parameters considered. 


The use of the apparent skin effect in the specification 
of design objectives for fracture treatments was dis- 
cussed. A technique for evaluating the success of a 
given fracture treatment was outlined. 


Based on the computed results, subject to the limita- 
tions imposed by the assumptions that were made, the 
following general conclusions were drawn. 


1. For a radius of drainage at least four times 
as large as the radius of fracture, an apparent skin 
effect that is independent of the radius of drainage can 
be calculated. 

2. The productivity of the fractured system, relative 
to that of the unfractured well, can be determined from 


the apparent skin effect and can be used to establish 
design objectives. 
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9. in the evaluation of a given fracture job, it is not 
possible to determine both the radius of the fracture 
and its flow capacity uniquely from the observed skin 
effect; and independent determination of one of the 
quantities is necessary. 


NOMENCLATURE 


A = flow resistance matrix composed of hori- 
zontal and vertical submatrices A, and 4A., 
dimensionless 

B=F" AF, normalized flow resistance ma- 
trix composed of horizontal and vertical 
submatrices B, and B,, dimensionless 

D = productivity decline factor, (days) 

F = capacitance matrix, dimensionless 

H = \/k,/k, h/r,, formation thickness, dimen- 
sionless 

M = total number of acceleration parameters, 

dimensionless 

N = number of fractures in a particular forma- 

tion, dimensionless 

PI = productivity index, STB/D/psi 

AQ = additional oil production necessary for pay- 

out, STB 

R=r/r,, radial co-ordinate, dimensionless 

S = apparent skin effect with fracture at mid- 
point of formation, dimensionless 

S’ = apparent skin effect with fracture at top or 
bottom of formation, dimensionless 

Sy = apparent skin effect for N fractures, dimen- 

sionless 
Z=WVk,/k, Z/r», vertical co-ordinate, dimen- 
sionless 
= element of B-matrix, dimensionless 
= liquid compressibility, (psi) 
= element of F-matrix, dimensionless 


II 


= formation thickness, ft 
= absolute permeability composed of hori- 
zontal and vertical components k, and k,, md 
(kh), = flow capacity of fracture, md-ft 
(kh), = radial flow capacity of formation, md-ft 
m = slope of linear portion of pressure build-up 
curve, psi/cycle 
n = iteration number, dimensionless 
p = pressure, psi 
Ap = Pp. — Pw, pressure drawdown, psi 
P.,o = flowing wellbore pressure at shut-in, psi 
P.,, = built-up wellbore pressure one hour after 
shut-in, psi 
p = volumetrically weighted average pressure, 
psi 
q = production rate, STB/D 
Ye. = limiting economic rate of production, STB/D 
r = radial co-ordinate, ft 
t = time of shut-in, hours 
At = time after shut-in, hours 


b 
c 
ij 
g = boundary-condition vector, dimensionless 
h 
k 


= 
w = F” g, normalized boundary-condition vec- 
tor, dimensionless 


x = dependent-variable vector, dimensionless 
y = F’” x, normalized dependent-variable vector, 


dimensionless 
£ = formation volume factor, reservoir bbl/STB 
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€ = stopping criterion, dimensionless 


6 = (p — pw) — Pw), normalized pressure, 
dimensionless 

= (kh) flow capacity of fracture, 
dimensionless 


p. = viscosity of liquid, cp 

= acceleration parameter, dimensionless 

p* = optimum acceleration parameter for single- 
parameter case, dimensionless 

o = porosity, dimensionless 


xD 


SUBSCRIPTS 


10. 


20. 


= value at critical radius 

= value at radius of drainage 

= fractured system 

= dummy index 

dummy index 

radial component of unfractured system 
value at wellbore radius 

vertical component 
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APPENDIX 


BEHAVIOR EQUATIONS 
The equation that describes the pressure distribution 

in the assumed model is the following. 

The boundary conditions imposed by the physical as- 
sumptions are as follows. 

P = Pw» forr=ry, Z = 0; 


Ofori 


or 
ap [6p 

p=p.- forr=rT.,0<z<h/2; 

and 

0 
— = 0 forz=h/2,7r,<r<nr. 
OZ 


After normalizing the dependent variable and mak- 
ing the equation dimensionless, Eq. A-1 and the bound- 
ary conditions can be written as follows. 

ORES GR OZ 
Otter = 1, 4 = 
06 


— = 


06 1 00 1/00 
ROR 


(A-2) 


= = IR, OR A 
and 


METHOD OF SOLUTION 


If the region of interest is covered with a nonuniform 
mesh, if Eq. A-2 is approximated by a five-point finite- 
difference equation and if the boundary conditions are 
imposed in finite-difference form, the problem is re- 
duced to obtaining a solution to a system of simul- 
taneous linear equations. The problem can be ex- 
pressed in the following matrix form. 


> > 

A is a Stieltjes matrix which is poorly conditioned; 
therefore, it should be normalized to improve the rate 
of convergence of the iterative method of solution that 
is to be used.” If F is a diagonal matrix with elements 
which correspond to the volume assigned to each mesh- 


point and if y =F” x, Eq. A-3 can be written as 
follows. 


Or, 
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The matrix B can be split into two tridiagonal sub- 
matrices (ie., B = B, + B.), and the implicit alter- 
nating-direction technique developed by Peaceman and 
Rachford® can be used. Their method is described by 
the following pair of equations. 

(B, + pal) ¥ = (pal — + w; 
* 
(BY pal) yO"? = (pd = By 

The acceleration parameters p, can be estimated in 
the following indicated manner.” 


j 
1 n < M A 4 (A-7) 
where M = total number of parameters. 

A total of 22 parameters were used to adequately 
span the spectrum of eigenvalues; after each cycle of 
22 iterations, the p’s were re-introduced in order. The 
total number of parameters, M, was determined by de- 
manding that M be the smallest integer that satisfies 
the following inequality. 

M > [1.445 In (p,/p*) + 500] . (A°8) 
where p* = optimum single acceleration parameter ex- 
perimentally determined for a similar problem. 


A criterion for stopping the iterative procedure must 
be specified. For this problem, computation was halted 
when the following condition was met. 


i,j 


The maximum value used for ¢ was 10%. 


COMPUTATIONAL CONSIDERATIONS 


The nonuniform mesh finally used to obtain the in- 
dicated results was determined by digital experimenta- 
tion. Using 80 mesh points in the R-direction and 10 
in the Z-direction, the maximum error in the calculated 
flow rate (or in S) was estimated to be 1 per cent by 
extrapolation. 


For fixed values of R,, H and A, the critical radius 
R. was determined by computing the flow rate at R. 
from the gradient in the R-direction only and compar- 
ing this result with the computed flow rate out of the 
fracture. When the two rates agree, the flow at R, is 
essentially radial. For R, > 4R,, the two rates agree to 
at least three significant figures for all of the cases con- 
sidered. 


The apparent skin effect was calculated from Eq. 2 
of the text by utilizing the following relationships. 


(Ap), = 2n(Kh), In 
and 
2r(kh), (Ap); 06 
= <= A-10 
Consequently, 
00 
| n ibys (a)... (A-11) 


Solutions to the normalized problem with ¢« < 10° 
and 1,040 mesh points, guaranteeing an error of less 
than 1 per cent were obtained on an IBM 704 com- 
puter; the computer time required for each case was 
about 45 minutes. Under the same conditions, an IBM 
7090 required only 7.5 minutes/case. wk 
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Further Discussion of Paper Published in 
Journal of Petroleum Technology, March, 1961 


The Significance of Particle Shape in Formation 
Resistivity Factor-Porosity Relationships 


E. R. ATKINS, JR. 
MEMBER AIME 
G. H. SMITH 


UNION OIL CO OF CALIFORNIA 
BREA, CALIF. 


DISCUSSION 


G. H. F. GARDNER 
MEMBER AIME 


Atkins and Smith maintain that the equation 
or a pair of such equations, represents a basic rela- 
tionship between formation factor and porosity, and 
they attempt to attach physical significance to the pa- 
rameters a and m. Their argument uses the boundary 
condition F = 1.0 when ¢ = 100 per cent. 

It may be noted, however, that this is only one of 
two boundary conditions which must be satisfied when 
@ approaches 100 per cent. Maxwell’s’ equation for 
randomly dispersed spheres is 


and it is valid for ¢ close to unity. From this equation 
we obtain 

dF 

dp 
An examination of Rayleigh’s’ analysis will show that 
Eq. 3 is exactly true. Hence, this is a boundary condi- 


Maxwell, J. C.: A Treatise on Electricity and Magnetism, Sec- 
ond Ed., Slarendon Press (1881) 1, 435. 

2Lord Rayleigh: ‘‘On the Influence of Obstacles Arrayed in Rec- 
tangular Order Upon the Properties of a Medium’, Phil. Mag. 
(1892) 34, 481, 


GULF RESEARCH & DEVELOPMENT CO. 
PITTSBURGH, PA. 


tion of equal standing with that invoked by Atkins and 
Smith, but it is not satisfied in their theory. 


Eq. 1 can be used to correlate any data, but this 
does not imply a basic significance. It is clear that the 
choice of a and m depends on the degree of precision 
demanded, the porosity range covered and the boundary 
conditions imposed. For example, the data of Wyllie 
and Gregory’ for packings of spheres in the porosity 
range from 10 to SO per cent give a = .87 and m = 
1.22. Atkins and Smith suggest that the condition a = 1 
and m = 1.3 is more meaningful, but this choice gives 
a 10 per cent divergence from the measured data at 
porosities near 40 per cent. It has the merit of satisfying 
one boundary condition, but it does not satisfy the 
other. In the porosity range from 10 to 25 per cent, 
however, it would be perfectly satisfactory for practical 
use. 

All this is not to say that the effect of particle shape 
and cementation cannot be described. The data of 
Atkins and Smith on mud slurries will be useful in 
establishing such a theory. 


8Wyllie, M. R. J. and Gregory, A. R.: Ind. and Eng. Chem. 
(1955) 47, 1879, 


AUTHORS’ REPLY 


The boundary conditions F = 1.0 and ¢ = 1.0 (100 
per cent) are dictated by the definition of F in the 
equation 1/F = ag”. These conditions have physical 
significance as the “limiting conditions” for the observed 
behavior in systems of dispersed particles. The other 
boundary conditions, cited by Gardner in his Eq. 3 as 
applying to this system, have no significance in the 
systems we studied. 

Maxwell’s equation (Eq. 2) cited in Gardner’s com- 
ments was developed for and limited to a regular, 
rather than random, dispersion of spheres which are 
sufficiently removed from each other so that they do 
not interfere with current flow about their neighbors. 
These restrictions also apply to Rayleigh’s analysis. The 
title of Rayleigh’s paper cited by Gardner is “On the 
Influence of Obstacles Arrayed in Rectangular Order 
upon the Properties of a Medium”. He is not discussing 
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TO G. H. F. GARDNER 


randomly dispersed spheres. 

It might be inferred from Gardner’s comments that 
Rayleigh specifically considered the differential equa- 
tion (Gardner’s Eq. 3). This is not the case. Mathe- 
matically, Gardner’s Eq. 3 is exactly true for the sys- 
tem to which it applies, however, as both Rayleigh and 
Maxwell note that their equation for F in terms of ¢ 
is not for randomly dispersed spheres. 


At the time we wrote our paper, we were aware of 
the work of Wyllie and Gregory as cited by Gardner. 
We cited their work in Ref. 5 of our paper. Our com- 
ment on page 287 of the paper about the validity of 
an m value of 1.3 for spheres with a porosity of 38 
per cent remains as our answer to Gardner’s question 
on this point. Our data, at 38 per cent porosity, show 
that the condition a = 1 and m = 1.3 holds for spheres 
near 40 per cent porosity. tk 
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Calculated Pressure Build-Up for a Low-Permeability 
Gas-Condensate Well 


H. DYKSTRA* 
MEMBER AIME 


ABSTRACT 


Calculated wellbore pressures were obtained for pa- 
rameters of radius ratio and permeability. In all cases 
but two, after-production was allowed to occur for one 
day. The calculated pressure build-up data were com- 
pared with actual pressure build-up data from a con- 
densate well. The paper discusses the comparison, gives 
reasons for, inability to match calculated and actual 
data, and presents conclusions derived from the com- 
parison. 


INTRODUCTION 


Considerable information has been published on the 
decline in wellbore pressure for oil and gas fields re- 
sulting from production of fluids. Considerable informa- 
tion also has been published on pressure build-up for 
oil fields, but relatively littlke has been published for 
gas and condensate fields. 

Perrine’ summarized the equations derived for pres- 
sure build-up in oil wells and showed how the different 
methods could be applied. On the other hand, very 
little theoretical information has been published on 
pressure build-up in gas or gas-condensate wells.** 
Tracy, by pointing out the similarity between the equa- 
tion describing oil wellbore pressure decline and the 
equation describing gas wellbore pressure decline, 
showed how methods of pressure build-up analysis 
could be applied to a gas well. 


In analyzing pressure build-up data for gas or gas- 
condensate wells, it would be very desirable to compare 
actual pressure build-up data with calculated pressure 
build-up data. Such a comparison would lead to a better 
feeling for the quantitative picture of gas-well build-up 
curves and would help to establish a degree of confi- 
dence in a given build-up curve. This paper discusses 
the comparison and presents conclusions made from it. 

Calculated wellbore pressures are given for parame- 
ters of radius ratio and permeability. In all cases but 
two, after-production was allowed to occur for one 
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day. The work was done in an attempt to evaluate the 
reserves of a gas-condensate field. As will be discussed 
later, it was not possible to make an evaluation. 


METHOD OF CALCULATION 


The method used for solving the depletion and pres- 
sure build-up behavior for a gas-condensate well was 
that developed by West, Garvin and Sheldon.’ For the 
IBM 704 computer program used, it was assumed that 
liquid condensing out of solution would have only a 
minor effect on the flow behavior. Therefore, the field 
was treated as having single-phase flow, with the gas 
saturation S$, remaining constant at unity minus the 
connate-water saturation S,. As will be discussed later, 
this may not have been a good assumption. It also was 
assumed that oil production could be considered 4s 
equivalent gas production by using a conversion factor 
based on an analysis of the liquid produced. An outer 
boundary condition of no-flow was assumed. 


BASIC DATA 


The data required for the study were reservoir prop- 
erties, fluid properties and production data. Reservoir 
properties included the following: thickness h, 179 ft; 
porosity, 0.194; connate-water saturation, 0.43; gas satu- 
ration, 0.57; permeabilities k, 1.0, 0.5, 0.25 and 0.15 
md; radius ratios r,/r,,, 800, 1,000 and 2,000; wellbore 
radius r,,, 5 in.; initial reservoir pressure P;, 6,529 psia; 
and reservoir temperature, 272°F. 


The selection of permeabilities was based on core- 
analysis data showing an average air permeability of 
about 2 md. With a relatively high connate-water satu- 
ration, the average effective gas permeability would be 
about one-half, or less, of the air permeability. The 
selection of radius ratios was based partly on the ob- 
served rapid decline in wellbore pressure during produc- 
tion and partly on the fact that the well was believed 
to be located in a relatively small fault block. 


Reservoir fluid properties were obtained from a 
reservoir fluid study on a recombined sample of gas and 
condensate. Gas formation-volume factors were calcu- 
lated from pressure-volume measurements made at res- 
ervoir temperature. Gas viscosities were calculated by 
the method of Carr, et al,’ from an analysis of the re- 
combined sample. These data are shown as a function 
of pressure in Table 1. 


The production schedule from the gas-condensate 
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well consisted of two parts. For the first part, a short 
(10-day) production period was followed by a long 
(65-day) shut-in period. For the second part, the well 
was put back on a 50-day production period, which was 
followed by the shut-in period of interest. For purposes 
of the analysis in this paper, it was assumed that the 
reservoir was at static pressure at the end of the first 
shut-in period. The pressure would be less than the 
original pressure by an amount determined from ma- 
terial-balance calculation and from the assumed size of 
the reservoir. 


Production-rate data for the 50-day period declined 
in a manner than could be described reasonably well 
by a quadratic equation. In addition, the computer 
program used a quadratic formula for interpolation be- 
tween tabulated values of production and time. There- 
fore, a quadratic equation was fitted to the production- 
rate data such that the area under the rate curve was 
equal to the cumulative production. This procedure 
greatly simplified the work required to prepare produc- 
tion data for the computer. Production data derived 
from the quadratic equation are given in Table 2. We 
assumed that production rate declined to zero in one 
day to allow for after-production because the well was 
shut in at the surface. For two computed cases, the pro- 
duction was stopped immediately to simulate shutting- 
in the well at the wellbore face. 


DISCUSSION OF RESULTS 


As shown in Table 3, six computer runs were made 
to determine pressure decline and pressure build-up with 
after-production, and two runs were made to find pres- 
sure build-up without after-production. 


TABLE 1—FORMATION-VOLUME FACTOR AND VISCOSITY OF GAS 


Pressure Bg 
(psia) (res bbI/Mcf) (cp) 
7000 0.658 0.0357 
6500 0342 
6000 -698 0326 
5500 .728 0309 
5000 .768 0291 
4500 .814 0272 
4000 .880 0252 
3500 971 0232 
3000 1.103 0212 
2500 1.298 0192 
2000 1.633 0172 
1500 2.20 0154 
1000 3.40 0139 

500 6.98 0127 


TABLE 2—PRODUCTION DATA 


Rate* 
(Mcf/D) 


*Rate is that of gas plus liquid, with the liquid rate 
being given in equivalent Mcf. 


TABLE 3—COMPUTER RUNS 


Pi k 

re/tw (psia) (md) Curve No. 
2000 6430 0.25 1 
1000 6150 1.0 2 
1000 6150 0.5 3 
1000 6150 0.25 4* 
1000 6150 0.25 5 
1000 6150 0.15 6 

800 5960 0.25 rhe 

800 5960 0.25 8 


*No after-production. 
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The calculated wellbute pressure-decline curves for 
permeabilities of 0.5 md and less showed similar be- 
havior, with a minimum occurring at three to four days 
and then followed by a rise. Three of these curves, 
along with the calculated curve for 1 md which did 
not have a minimum, are shown in Fig. 1. 


A run also was tried at 0.10 md. For this run the 
calculated wellbore pressure tended to go below 500 
psia, for which PVT and viscosity data were not avail- 
able; this caused the computer to stop. Such a low 
wellbore pressure undoubtedly would be insufficient to 
allow gas and condensate to flow from the bottom of 
the well to the surface. Hence, we could conclude that 
the permeability of the formation was above 0.10 md. 


Calculated wellbore pressure build-up curves showing 
the effect of permeability at a radius ratio of 1,000 are 
shown in Fig. 3. Calculated curves showing the effect 
of radius ratio for a permeability of 0.25 md, plus the 
calculated curves for no after-production, are shown in 
Fig. 2. Also shown in these two figures is the measured 
pressure build-up curve. The curves are plotted as P,,” vs 
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From the calculated curves plotted in Figs. 2 and 3, 
one can see that the calculated wellbore pressure builds 
up much more rapidly than the measured wellbore pres- 
sure for all the parameters studied. The calculated 
pressure rapidly builds up in about one day (with the 
exception of the case with no after-production) to a 
point where the curves reverse in curvature. The pres- 
sure has about reached maximum build-up in from 2 
to 20 days, with the longer times for the lower perme- 
abilities. 


, In accordance with the procedure described by 


As stated in the introduction, the purpose of the 
analysis was to attempt to evaluate reserves of a gas- 
condensate field. The runs made indicated that it was 
not possible to match the wellbore pressure at time of 
shut-in with a uniform permeability and reasonable 
size of the volume drained by a well. Furthermore, the 
amount of after-production was more than enough to 
fill up the wellbore to the maximum pressure reached 
during build-up. Therefore, no further attempts were 
made to match the actual build-up curve by varying the 
rate and amount of after-production. Consequently, no 
estimate of reserves could be made. 


The curves shown in Figs. 2 and 3 show the effect 
of after-production. For permeabilities of 0.5 and 1.0 
md, the straight-line portion is not obvious, having 
been masked as a result of after-production. The re- 
maining curves do have a straight-line portion which 
can be used for pressure build-up analysis (as shown 
later). These results point out that it is almost impera- 
tive, if useful pressure build-up data are to be obtained, 
to shut-in gas wells at the top of the producing interval. 


The difference between calculated and actual build- 
up in pressure can be explained with the aid of results 
published by Perrine’ on pressure build-up analysis for 
oil wells. In Fig. II-4 of his paper, he has shown the 
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effect of shutting-in a well at the surface and the effect 
of permeability reduction around a wellbore. For a 
well shut-in at the surface, a certain amount of time 
is required before the pressure builds up to the straight- 
line portion of the curve. (Compare Curves 1 and 6 
of Perrine’s Fig. I-4.) For a permeability reduction 
around a wellbore, the effect is to delay pressure build- 
up still more (compare Curves 6 and 8). In fact, Per- 
rine says the following. 


“With very serious damage, afterproduction slows 
down the buildup in pressure at the well bore until 
interpretation is impossible. The straight-line portion of 
the curve is completed masked by a smooth transition 
from behavior dominated by wellbore conditions to be- 
havior determined by conditions at the drainage radius.” 


Additional information has also been supplied by 
Pitzer, et al,’ to show the advantages of bottom-hole 
shut-in tests. 


This same reasoning applies equally well to pressure 
build-up for a gas well. Thus, we can conclude that 
the slow build-up of measured pressure is probably a 
result of after-production from a formation whose per- 
meability is severely reduced around the wellbore. How 
far the reduction extends beyond the wellbore cannot 
be said. 


Three reasons can be given for a reduction in gas 
permeability around the wellbore (1) drilling fluid 
filtrate invasion; (2) an increase in water saturation 
around the wellbore (some water is being produced); 
and (3) an increase in oil saturation around the weli- 
bore. This last reason is a very probable one because 
the gas condensate is fairly rich. With the high draw- 
down, a considerable amount of oil could be deposited 
around the wellbore to lower the gas saturation and, 
hence, the gas permeability. Therefore, the assumption 
made earlier in this paper of treating the system as 
single-phase flow may not have been valid. 


One other point can be brought out regarding the 
actual build-up curve. Even after 5O days the wellbore 
pressure is still building up. An explanation for this is 
based on a geologic interpretation that the fault block 
may extend into an aquifer. If this is so, then the outer 
boundary condition of no-flow would not apply. There- 
fore, the reservoir may eventually build up to a pres- 
sure close to the original pressure, thus making it 
impossible to determine reserves. 


ANALYSIS OF PRESSURE BUILD-UP DATA 


The calculated pressure build-up Curves 4 and 5 
shown in Fig. 2. can be used to check the method 
described by Tracy.” For calculation of permeability k, 
the curves are replotted in Fig. 4 as P,,” vs log time in 
hours. The calculation of k shown in Table 4 indicates 
a good check between actual k and calculated k. 


The calculation of static reservoir pressure P, (using 


Tracy’s notation) given in Table 5 shows a reasonably 
good check with the actual static pressure of 5,297 psia. 


CONCLUSIONS 


1. The calculations indicated that it was not possible 
to match calculated wellbore pressure and actual well- 
bore pressure at time of shut-in with a uniform perme- 
ability and reasonable size of volume drained by the 
producing well. 


2. Calculated pressure build-up data point out that 
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it is almost imperative, if useful pressure build-up data 
are to be obtained, to shut-in gas wells at the top of 
the producing interval. 


. t be . 
3. Plotting P,,” vs time t and log RAPS satisfac- 


tory method for obtaining the effective permeability and 
the static reservoir pressure, respectively, where correct 
boundary conditions exist for application of this method. 


NOMENCLATURE 


= wellbore pressure, psia 

= extrapolated pressure on plot of P,,” vs time 
initial pressure, psia 

= outer radius of area being drained, cm 

= reservoir temperature, °R 

time well was on production prior to shut-in, 
hours 

At = time after well is shut in, hours 


=a function (see Ref. 2) 


II 


KtP, 
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TABLE 4—CALCULATION OF PERMEABILITY k 


Q = 2,500 Mcf/D. T = 272° + 460° = 732°R. 
Ps = Static Pressure = 5,297 psia. H = 179 ft. 
& = 0.030 at 5,297 psia. Z = 1.06. 
1,637 X 2,500 X 0.030 X 732 1.06 EPA 
m X 179 a m 
Slope m = 2.01 X 108 for no after-production (Curve 4’, Fig. 3); 
k = 0.265 md. 
Slope m = 2.31 X 106 for no after-production (Curve 5’, Fig. 3); 
k = 0.23, 
TABLE 5—CALCULATION OF STATIC RESERVOIR PRESSURE Ps 
Pi = 6,150 psia = 1105 
30.46 xX 108 30.75" 
2. Pi? — (P*)2 7.36 xX 108 7.07 X 106 
3. Slope m 2.03 X 10° 2.44 X 10° 
Pi? — (P*)2 (22 
) 63 2.90 
rou 
BE 0.086 0.102 
10.25 108 10.39 X 10° 
6. 2.303 \ : 
8. Ps 5,250 psia 5,240 psia 
Z = gas compressibility factor 
¢ = porosity, fractional 
pu = viscosity, cp 
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Calculation of Differential Gas Liberation and Shrinkage 


INTRODUCTION 


In recent years, several methods 
have been proposed for correlation 
of physical properties and behavior 
of hydrocarbon systems. These cor- 
relations were found to be unsatis- 
factory for predicting differential gas 
liberation and shrinkage data now 
obtained experimentally. To achieve 
the desired accuracy, methods were 
developed to adjust the correlations 
with two experimental pieces of data. 


The required data are the satura- 
tion pressure at reservoir temperature 
and the specific volume or density 
at these conditions. The saturation 
pressure is used to adjust the vapor- 
liquid equilibrium-ratio correlations. 
The density measurement is used to 
determine the apparent density of 
liquid methane. With these adjust- 
ments, differential gas liberation and 
shrinkage are predicted within the 
experimental error. 


EQUILIBRIUM RATIOS 


Equilibrium ratios published by 
the National Gas Assn. of America® 
were used as a basis for the calcula- 
tion. The convergence pressure for 
the sample was determined by using 
a hypothetical binary system, with 
methane as one component and the 
remainder of the system lumped to- 
gether to form the other component. 
For the critical temperature of the 
heavy constituent, the weight average 
of the critical temperatures of the 
ethane and heavier components was 
used. The correlation of pseudo-criti- 
cal temperature, density and molecu- 
lar weight of Matthews, Roland and 
Katz’ was used in this calculation for 
the hexane and heavier fractions. 
Points for the critical properties of 
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methane and the hypothetical heavy 
constituent were placed on a chart 
of the critical loci of hydrocarbon 
systems.* A critical loci for the hypo- 
thetical binary system was drawn, 
and the critical pressure of this sys- 
tem was determined at the reservoir 
temperature. This critical pressure 
became the convergence pressure for 
which equilibrium ratios were read 
from the NGAA* charts. 


The NGAA equilibrium constants 
for C, through C, were used for the 
C, through C, fractions since they 
were separated on the bases of nor- 
mal paraffin boiling points. The cor- 
relation of Hoffman, Crump and 
Hocott® was used to estimate the 
equilibrium constant for the C,,, frac- 
tion. 


The NGAA equilibrium-ratio 
charts are based primarily on paraf- 
fin systems and have to be corrected 
for the presence of naphthenes and 
aromatics. The correlations in the 
literature proved too unsatisfactory 
for determining these corrections. Ex- 
perimental data, the saturation pres- 
sure, is used with the correlation of 
Soloman® to make this adjustment. 
The correction factors of Soloman 
were cross-plotted so that the factors 
for ethane and heavier components 
were made a function of the factor 
for methane. 

a>, = 0.7927 a, + 0.1646 
(1) 
where a, = correction coefficient for 
for methane NGAA equi- 

librium ratio, and 
a, = correction coefficient for 
ethane and heavier 
NGAA equilibrium ra- 

tios. 

This equation and the equation for 
the bubble point are solved simul- 
taneously for the correction coeffic- 
ients. The bubble-point equation is 
The equilibrium constant for the 


saturation pressure at reservoir tem- 
perature is used. 


This procedure not only corrects 
for the relative volatility between 
components, but also assures that 
the results will be directly related 
to the experimental saturation pres- 
sure. 


METHANE DENSITY 


After determining a set of equili- 
brium ratios, the apparent density 
of condensed methane at 60°F and 
14.7 psia was estimated. This was 
found to be necessary because the 
correlations of Standing’ were found 
to be unsatisfactory. The law of 
additive volumes was employed to 
make this calculation. 


n 
BS 


x,M,, 1 (3) 


2 


where x = mole fraction, 

molecular weight, 
density, and the sub- 
scripts refer to compon- 
ents. 


Nil 


The specific volume, at reservoir 
saturation pressure and temperature, 
was corrected to 60°F and 14.7 psia. 
This value was substituted into Eq. 
3, and the apparent liquid density 
for methane at 60°F and 14.7 psia 
was computed. This apparent density 
was assumed to apply for all other 
mixtures formed during the libera- 
tion of gas. 


CALCULATIONS 


The saturated reservoir fluid then 
was flashed to the first pressure be- 
low the saturation pressure. In most 
cases, this pressure corresponded to 
the one chosen by the laboratory. 
The normal flash-vaporization equa- 
tions were used to compute the 
moles and compositions of the re- 
sulting liquid. The law of additive 
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TABLE 1—COMPARISON OF EXPERIMENTAL AND COMPUTED RESULTS 


Press: Shrinkage Solution GOR 
(psig) Exper. Calc. Exper. (Calc. 
Sample 1 
2,360 1.0000 1.0000 0 0 
2,150 0.9801 0.9822 45 40 
1,950 0.9624 0.9659 84 77 
1,750 0.9458 0.9497 122 114 
1,550 0.9289 0.9338 158 150 
1,350 0.9141 0.9182 192 185 
1,150 0.8986 0.9031 228 219 
950 0.8840 0.8879 263 253 
750 0.8695 0.8721 295 288 

550 0.8545 0.8563 329 322 
207 0.8242 0.8295 396 380 
0 0.8025 0.7741 44) 462 
Sample 2 
880 1.000 1.0000 0 0 
800 0.996 0.9938 10 11 
700 0.989 0.9858 22 25 
600 0.983 0.9775 35 40 
500 0.975 0.9685 51 55 
400 0.966 0.9592 68 71 
300 0.956 0.9486 88 88 
200 0.940 0.9352 112 110 
100 0.910 0.9113 151 144 
0 0.817 0.7906 215 276 
Sample 3 
760 1.0000 1.0000 0 0 
500 0.9763 0.9831 46 36 
300 0.9604 0.9618 87 79 
110 0.9385 0.9349 133 130 
0 0.9005 0.8658 199 226 
Sample 4 
2,150 1.000 1.0000 0 0 
2,000 0.995 0.9946 20 15 
1,800 0.988 0.9866 42 36 
1,600 0.981 0.9782 64 59 
1,400 0.974 0.9699 85 81 
1,200 0.967 0.9622 106 101 
800 0.952 0.9468 150 142 
500 0.940 0.9349 179 173 
200 0.929 0.9227 213 206 
0 0.889 0.9113 243 233 
Sample 5 
2,915 1.000 1.0000 10) 0 
2,700 0.982 0.9789 46 45 
2,500 0.963 0.9607 87 85 
2,300 0.947 0.9439 126 121 
2,100 0.931 0.9282 163 156 
1,700 0.900 0.8973 231 223 
1,500 0.886 0.8819 264 257 
1,300 0.873 0.8170 297 289 
1,100 0.859 0.8523 330 321 
900 0.844 0.8379 361 352 
700 0.829 0.8236 391 383 
500 0.815 0.8091 421 414 
0 0.764 0.7145 519 556 
Sample 6 
2,710 1.0000 1.0000 (9) 0 
2,500 0.9813 0.9872 39 28 
2,300 0.9611 0.9674 81 69 
2,100 0.9430 0.9449 120 116 
1,900 0.9252 0.9239 158 159 
1,700 0.9083 0.9073 193 194 
1,500 0.8900 0.8918 228 226 
1,300 0.8753 0.8766 263 258 
1,100 0.8607 0.8615 296 290 
900 0.8418 0.8461 330 322 
700 0.8256 0.8296 362 355 
500 0.8104 0.8122 396 391 
185 0.7745 0.7762 463 460 
0 0.7210 0.6769 549 589 
Sample 7 
2,055 1.0000 1.0000 0 0 
1,840 0.9824 0.9838 Al 39 
1,600 0.9638 0.9658 82 82 
1,400 0.9480 0.9512 119 116 
1,200 0.9352 0.9370 150 150 
1,000 0.9221 0.9230 183 183 
800 0.9086 0.9091 218 215 
600 0.8943 0.8949 252 248 
400 0.8792 0.8800 284 282 
200 0.8612 0.8625 324 320 
0 0.8230 0.7914 387 421 


volumes then was employed to find 
the density of this liquid at 60°F 
and 14.7 psia. This density then was 
corrected to reservoir temperature 
and the pressure of the determina- 
tion by using the correction curves 
presented by Standing.’ From the 
corrected density, composition and 
pound-moies of liquid, the volume 
of the liquid was determined. This 
volume, divided by the volume of 1 
lb-mol original liquid at saturated 
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Press. Shrinkage Solution GOR 
(psig) Exper. Calc. Exper. Calc. 
Sample 8 
2,720 1.0000 1.0000 (0) 0 
2,400 0.9234 0.9218 147 138 
2,100 0.8660 0.8681 255 236 
1,800 0.8171 0.8200 351 325 
1,500 0.7741 0.7746 431 409 
1,200 0.7342 0.7365 509 481 

900 0.6970 0.6996 580 550 
600 0.6599 0.6595 654 625 
300 0.6135 0.6123 736 712 
0 0.4846 0.4055 905 994 
Sample 9 
1,540 1.0000 1.0000 0 0 
1,400 0.9820 0.9843 36 30 
1,200 0.9615 0.9608 81 76 
1,000 0.9405 0.9365 128 123 
800 0.9195 0.9127 176 168 
600 0.8960 0.8882 225 215 
400 0.8697 0.8621 280 265 
200 0.8323 0.8282 349 327 
0 0.7190 0.6687 502 549 
Sample 10 
1,165 1.0000 1.0000 0 0 
1,100 0.9940 0.9936 21 19 
800 0.9865 0.9862 45 40 
600 0.9807 0.9787 64 62 
400 0.9740 0.9714 86 84 
200 0.9640 0.9635 119 107 
0 0.9535 0.9525 154 137 
Sample 11 
2,390 1.0000 1.0000 0 0 
2,100 0.9692 0.9693 68 72 
1,800 0.9398 0.9402 139 140 
1,500 0.9088 0.9137 210 202 
1,200 0.8792 0.8864 279 264 
900 0.8504 0.8577 347 330 
600 0.8200 0.8255 420 402 
300 0.7839 0.7878 503 484 
0 0.6410 0.6254 713 743 
Sample 12 
1,570 1.0000 1.0000 0 0 
1,300 0.9707 0.9718 67 56 
1,000 0.9395 0.9382 133 122 
700 0.9082 0.9048 197 187 
400 0.8722 0.8686 267 257 
150 0.8261 0.8256 352 336 
0 0.7730 0.7055 438 503 
Sample 13 
815 1.0000 1.0000 
745 0.9948 0.9943 
700 0.9913 0.9905 — _— 
650 0.9866 0.9865 — _ 
600 0.9824 0.9819 
550 0.9784 0.9773 
500 0.9744 0.9726 
400 0.9640 0.9628 
300 0.9533 0.9514 —_— — 
200 0.9376 0.9365 
100 0.9146 0.9091 —_ — 
0 0.8550 0.7638 
Sample 14 
1,700 1.000 1.0000 0 0 
1,500 0.984 0.9847 33 34 
1,300 0.971 0.9696 67 67 
1,100 0.957 0.9545 102 102 
900 0.943 0.9390 140 138 
700 0.929 0.9228 176 176 
500 0.914 0.9055 215 217 
300 0.896 0.8881 256 257 
100 0.872 0.8633 310 311 
0 0.854 0.8082 345 398 


pressure and reservoir temperature, 
is the computed shrinkage. 


The gas-oil ratio was computed 
with the following equation. 


Var 
where R = gas-oil ratio, cu ft/bbl, 
V = total pound-mols of va- 
por formed/pound-mol 
of saturated reservoir 
liquid, and 
Vsr = volume of 1 Ib-mol of 
saturated reservoir liquid, 
cu ft/lb-mol. 
The process then was repeated at 
lower pressures until 14.7 psia was 
reached. 


RESULTS 


Table | shows the results of the 
computations for 14 subsurface oil 
samples. The agreement between the 
experimental and calculated values 
is believed to be within the experi- 
mental error. Shrinkage and gas-oil 
ratios were computed for several 
other samples where the results did 
not agree with the experimental 
values. When a detailed check of 
the laboratory data was made for 
some of these samples, it was found 
that (due to experimental difficul- 
ties) rather Jarge adjustments were 
required to obtain the reported 
values. Therefore, these cases were 
not reported in Table 1. Agreement 
was not obtained on two other 
samples studied. The saturation pres- 
sure was almost equal to the con- 
vergence pressure in each of these 
cases, and the reliability of the cor- 
relations is poor at these conditions. 
Thus, this method should not be used 
unless the convergence pressure is 
2,000-psi above the saturation pres- 
sure. It should be noted that agree- 
ment could not be obtained for any 
samples at the O-psi check point. 
However, more recent data indicate 
that the O-psi data are in error since 
checks are now being obtained. All 
the samples tested by the laboratory 
during the last year have shown 
similar results. 


CONCLUSIONS 


A computation method using limit- 
ed laboratory data has been devel- 
oped which will predict the experi- 
mental values for differential gas 
liberation and shrinkage within the 
experimental error for most sub- 
surface oil samples. 
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ABSTRACT 


The attenuation and phase shift which formations 
produce in the electromagnetic field of an induction- 
type electrical well-logging instrument are great enough 
to substantially affect the response of the tool to forma- 
tion conductivity under normal logging conditions. The 
application of the general equations for the propagation 
of an electromagnetic field in a conductive medium to 
the transmitter-receiver coil pair of an induction-logging- 
tool coil system gives an expression for the response 
which properly takes the propagation effects into account. 


A comparison of a calculation of this type with the 
response computed from the commonly used geometric 
factor concept, which does not include the propagation 
effect, leads to a factor G, representing the ratio of the 
responses computed by the two methods. The value of 
G, decreases not only with increasing formation con- 
ductivity, but also with increasing transmitter-to-detector 
coil spacing. For a single coil pair with a 40-in. spac- 
ing, the value of G, is 0.972 in a 20-millimho/m forma- 
tion. The value is reduced to 0.915 and 0.812 for con- 
ductivities of 200 and 1,000 millimhos/m. As a result, 
the basic signal generated by the induction-logging coil 
system is not linearly related to formation conductivity 
as expected from the geometric factor concept. A uni- 
form conductivity scale can be obtained only by adding 
a suitable nonlinear element to the recording system. 
The addition of auxiliary coils, having spacings less 
than the main-coil span, to achieve focusing results in 
an even greater departure of the basic signal from 
linearity with conductivity. 


The solution of the field equations near the interface 
between two formations of different conductivity gives 
the curve shape on an induction logging tool in crossing 
the interface. The addition of auxiliary coils to achieve 
focusing can add anomalous character to the curve 
shape in crossing the interface, which might be mis- 
taken for lithological detail. 

Preliminary calculations which include the propaga- 
tion effects in the determination of the conductivity cor- 
rection for thin beds lead to correction factors which 
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are substantially smaller than those obtained from geo- 
metric factor considerations. It is apparent that thin-bed 
corrections derived from geometric factor calculations 
are of doubtful validity. 


INTRODUCTION 


Although the electromagnetic induction type of elec- 
trical well log has been used for a number of years and 
has gained general acceptance in quantitative well-log 
interpretation, no technically complete investigation of 
the mechanism and of its operation has been pub- 
lished. The studies which have been presented are based 
upon the premise that neither the shape nor the intensity 
of the induction field of the logging tool is in any way 
affected by the electrical characteristics of the formation. 


From the inception of induction logging it has been 
recognized that under some formation conditions the 
performance of the instrument could be expected to 
be substantially different from that predicted by the 
simplified analysis. This anomalous performance has 
been called “skin effect” since it is the result of the 
same phenomenon which causes high-frequency alter- 
nating currents to flow only near the surface of metallic 
conductors. In the range of conductivities encountered 
in the sediments, the formation actually does not ex- 
hibit the sharply defined conducting “skin” shown by 
metals. The gradual modification of the distribution of 
the currents in the formation, produced by the induc- 
tion field of the logging tool, is the direct result of 
phenomena associated with the propagation of the elec- 
tromagnetic field through the formation. Therefore, it 
can be much more appropriately described as the 
“propagation effect”. One purpose of this paper is to 
review the results of a solution of the equations for the 
performance of a single transmitter-receiver coil pair 
induction-logging system which takes into account the 
propagation effect, showing the manner in which the 
tool performance established by this analysis differs 
from that derived from the less comprehensive analyses 
currently in use. 


PRINCIPLE OF OPERATION OF THE 
INDUCTION LOGGING INSTRUMENT 


The high-frequency alternating current which is 
maintained at a constant value in the transmitter coil 
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of the induction logging instrument sets up an electro- 
magnetic field which extends into the formation sur- 
rounding the instrument. The periodically changing 
electromagnetic flux of this field induces secondary cur- 
rents of the same frequency in the conducting forma- 
tion surrounding the transmitter coil. In effect, the con- 
ductive formation surrounding the coil serves as a 
single-turn secondary circuit which is inductively cou- 
pled to the transmitter coil. The current induced in 
this secondary field, the formation, flows in the entire 
volume of conducting formation surrounding the logging 
tool. For mathematical analysis as well as illustrative 
convenience, however, the current induced in the forma- 
tion is considered as being broken up into separate, 
closed, circular loops of formation surrounding the 
transmitter coil. In a completely homogeneous forma- 
tion these elemental conductive paths are toroidal in 
shape and have axial symmetry with the borehole. The 
density of the current induced in each of these ele- 
mental paths depends upon the position of the path 
with respect to the transmitter coil and upon the con- 
ductivity of the formation within the path. 


Fig. 1 shows only three of these elemental loops in 
different positions with respect to the transmitter and 
receiver coils. An alternating current J,, for example, 
is induced in the elemental loop a, by the electro- 
magnetic field from the transmitter coil traveling over 
a path from T to a,. 


The high-frequency currents which are induced in 
these elemental toroids of conductive formation pro- 
duce their own electromagnetic fields. These secondary 
fields travel through the formation in the same manner 
as the primary field. The portion of the field traveling 
over a path from the elemental loop a, to the receiver 
coil R induces a voltage in the receiver circuit. The 
full signal developed in the receiver coil is the sum 
of the voltage contributions of all of the toroidal cur- 
rents flowing in the formation. 


All other factors being equal, the total voltage in- 
duced in the receiver coil depends upon the intensity 
of the currents in the elemental toroids and, thus, upon 
the conductivity of the formation. The recorded response 
of the induction curve can be calibrated in terms of the 
properly weighted average of the conductivities of the 
elements of the formation within the sensible field of 
investigation of its coil system. 

IMPLICATIONS OF THE GEOMETRIC 


FACTOR METHOD OF COMPUTING 
THE INDUCTION LOG RESPONSE 


All of the currents and voltages involved in the for- 
mation and in the receiver circuit are alternating with 
the frequency of the transmitter current. Therefore, it 
is necessary in a proper quantitative evaluation of the 
received signal to take into account not only the ampli- 
tude, but also the phase relationships of all the ele- 
ments which contribute to the signal. 


One of the early papers presenting an analysis of 
the performance of the induction type of electric log 
was that of Doll.t This study developed the geometric 
factor concept. This analysis led to the conclusion that 
the contribution of any elementary toroid of formation 
to the conductivity response of the tool depended only 
upon the geometric position of the element with respect 
to the transmitter and receiver coils and the conduc- 
tivity of the material comprising the toroidal element. 
This geometric factor concept has been useful in the 


1References given at end of paper. 
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qualitative evaluation of induction log performance, 
but it has failed to provide results which are sufficiently 
accurate for quantitative use. The analysis is inadequate 
since it considers that the electromagnetic field from 
the transmitter coil is moving through the formation 
instantaneously and that the energy lost to the forma- 
tion by the circulating currents induced by the field is 
not extracted from the energy of the field. In effect, the 
electromagnetic fields of the transmitter and each one 
of the elementary toroids are considered to be acting 
independently of each other with no interaction among 
them. The signals developed in the receiver coil (calcu- 
lated for each toroidal element acting alone) are con- 
sidered as being directly additive and, hence, all in the 
same phase to produce the response of the tool. 

In effect, the geometric factor concept considers each 
toroidal element as standing alone in free space. Under 
this condition the electromagnetic wave travels from 
the transmitter coil to the element and then to the re- 
ceiver at a velocity of 186,000 miles/sec, or approxi- 
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mately | billion (10°) ft/sec. Further, the transmission 
of the signal is accomplished without attenuation or 
loss of energy by the wave. Induction logging systems 
commonly employ a 20,000-cps alternating current. 
Each wave, representing 360° of phase change, is 
therefore 50,000-ft long. This means than one degree of 
phase change occurs in each 140 ft of wave travel. 
Under this concept, therefore, there is no attenuation of 
the wave during its travel and the phase change within 
the field of investigation of the tool is negligible. It is 
only under this condition that the results derived from 
the geometric factor concept are valid. 


EFFECT OF THE FORMATION ON 
THE ELECTROMAGNETIC FIELD 


It easily can be shown that the velocity of an electro- 
magnetic wave in sedimentary formations, as encoun- 
tered in well logging, is substantially lower than that 
in free space. In a formation having a conductivity of 
1 mho/m, a 20,000-cps electromagnetic wave has a 
velocity of approximately 1.5 million (1.5 x 10°) ft/ 
sec. This is only 0.15 per cent of the velocity in free 
space. This reduction in the velocity of propagation is 
the result of the reaction of the counter electromagnetic 
fields developed by the currents induced in the forma- 
tion upon the electromagnetic field of the primary ad- 
vancing wave. This reaction has the additional effect 
of reducing the amplitude of the advancing wave by 
approximately one-half in each 8 ft of wave travel. 
The reduction of the velocity of the wave reduces the 
wave length to approximately 73 ft. This means that 
the phase of the wave changes approximately 5°/ft of 
wave travel. It is apparent that attenuation and phase 
changes of these magnitudes can be expected to cause 
the electromagnetic field, and the resultant signals pro- 
duced in the induction logging tool, to be substantially 
different from those predicted from an analysis based 
upon the “free space” performance of the field. A cor- 
rect analysis of the performance of the induction log 
must properly account for the attenuation of the electro- 
magnetic wave and for the changes in its phase within 
the sensible field of the logging tool. 


APPLICATION OF WAVE EQUATIONS TO THE 
FIELD OF A SINGLE TRANSMITTER- 
RECEIVER COIL PAIR 


A theoretical treatment of the electromagnetic-field 
equations for the induction log has led to a solution 
for the complete signal developed in the receiver coil 
of a transmitter-receiver coil pair. This solution, de- 
veloped by one of the authors,’ is based upon a rigorous 
solution of the Maxwell equations for the propagation 
of an electromagnetic wave in a homogeneous, moder- 
ately conductive medium. The solution has been ex- 
tended to include the performance of the transmitter- 
receiver coil pair in thin, uniformly conductive, non- 
invaded beds and in very thick invaded beds. 


One object of this paper is to demonstrate the man- 
ner in which the results of these mathematical analyses 
can be applied to establish the quantitative response of 
practical multicoil-pair induction-logging tools under 
actual formation conditions. 

The expression for the voltage V,, developed in the 
receiver coil of a transmitter-receiver coil pair when 
Operating in a homogeneous conductive formation of 
infinite extent, is shown to be 
ArNrArNrly (1 + yL) 
= € 

2a 


(1) 
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where j = the complex operator \/ — 1, 
= 4x X 10% (rationalized MKS units ) 
= the permeability of free space and may be 
taken as the permeability of the sediments 
with small error, 
area of cross section of the transmitter and 
receiver coils (sq m), 
N,Nz = number of turns on the transmitter and re- 
ceiver coils, 
/, = transmitter current (amp), and 
L = distance between the transmitter and re- 
ceiver coils (m). 


lI 


where o = conductivity of the formation (mho/m), 
and 
¢ = dielectric constant of the formation, approxi- 
mately 10°” (rationalized MKS units). 
For normal sediments o is very large compared to we 
so that the jwe term may be neglected. Eq. 2 reduces to 
The voltage developed in the receiver coil, as shown by 
Eq. 1, is a complex quantity. It can be rationalized, 
separating the real and imaginary portions, by expand- 
ing in a power series. An intermediate step in this de- 
velopment puts the equation in the form 


1 n 1 n-1 
A! 
where 
(4) 


This form of the equation is especially interesting be- 
cause the separate terms can be identified as a particular 
compcnent of the receiver-coil signal. 


THE MUTUAL-INDUCTANCE COMPONENT 
OF INDUCTION LOG RESPONSE 


The first term of the equation 


represents the mutual-inductance voltage generated in 
the receiver coil by direct induction from the current 
in the transmitter coil. This is the only voltage that 
would appear in the receiver circuit if the tool were 
operating in a completely nonconducting medium be- 
cause y becomes zero when o is zero, and Eq. 3 for 
the total voltage reduces to Eq. 3a. The imaginary 
Operator j indicates that this signal is in quadrature 
phase with the transmitter current. In actual logging 
instruments, the auxiliary or focusing coils of the system 
often are designed to reduce the mutual inductance 
between the transmitter and receiver circuit to a small 
value. 


THE “GEOMETRIC FACTOR” COMPONENT 
The second term of the equation 


by substituting for y from Eq. 2a, becomes 


This equation represents the signal that would be de- 
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veloped in the receiver circuit if the electromagnetic 
wave experienced no attenuation or phase shift in pass- 
ing through the formation. This portion of the signal 
does not contain the operator j and, hence, is in phase 
with the current in the transmitter coil. In fact, this 
signal is identical with the signal calculated by the 
geometric factor method. It should be noted that its 
magnitude is proportional to the formation conductivity. 
It is this signal which has given the induction log the 
reputation of having a response which is strictly propor- 
tional to formation conductivity. 


MODIFICATION OF INDUCTION LOG 
RESPONSE BY PROPAGATION EFFECTS 


The remaining portion of Eq. 3 thus represents the 
perturbation of induction log signal from that of the 
simple geometric concept, which arises as a result of 
the attenuation and phase shift of the primary and 
secondary electromagnetic waves in passing through the 
formation. It is this portion of the signal that is re- 
sponsible for the propagation effects shown by the in- 
duction log. It will be shown that the propagation effect 
always reduces the signal to be recorded by the con- 
ductivity curve to a value lower than that obtained 
from a geometric factor calculation. 


METHOD OF CALIBRATION 
OF THE INDUCTION LOG, 


Induction logging tools are commonly calibrated by 
suspending them in air to establish the zero conductivity 
position and then adjusting the conductivity response to 
some predetermined value when the tool is surrounded 
by a conducting-loop calibrating device. The conduct- 
ance of the loop is calculated to develop a voltage in 
the receiver coil equal to that of an infinite homo- 
geneous formation of a standard conductivity. In this 
single-conductive-loop method of calibration, the elect- 
romagnetic wave travels through a nonconductive me- 
dium (air) over both its primary path from the trans- 
mitter coil to the loop and its secondary path from the 
conductive loop to the receiver coil. Since the elect- 
romagnetic wave travels entirely in free space, this 
method of calibration does not include the attenuation 
and phase shift that would occur in the equivalent 
formation. This calibration procedure, therefore, gives a 
signal which corresponds to that expected from the 
geometric factor concept and does not inherently include 
the propagation effect. Logging-service companies have 
not described their calibrating procedures and the man- 
ner in which the propagation effect is taken into ac- 
count. 

In the following presentation it will be assumed that 
the logging tool is calibrated in accordance with this 
geometric factor concept. This is done for simplicity 
in demonstrating the manner in which propagation ef- 
fects influence the log response. It is not implied that 
this is the recommended calibration procedure nor the 
procedure used by well-logging companies. 

The voltage developed by the conductive calibrating 
loop, equivalent to a formation of conductivity o., will 
be given by the portion of the equation shown by Eq. 
3b. That is, 


The calibration constant C, of the logging system is 
defined as the number which when multiplied by the 
receiver circuit voltage gives the apparent formation con- 
ductivity; that is, 
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Under the “no propagation effect” conditions of the 
conductive-loop calibration, the conductivity recorded 
by the tool (as expressed by Eq. 4) will be equal to 
the formation conductivity assigned to the calibrating 
loop (o.) provided that the sensitivity of the record- 
ing circuit is adjusted so that 

AL 


Kop 


RELATIVE RESPONSE UNDER 
ACTUAL FORMATION CONDITIONS 

The apparent conductivity o, recorded by an induc- 
tion coil pair, calibrated on the basis of the conductive 
loop in an infinite homogeneous formation of conduc- 
tivity o, can be obtained from Eq. 5 with appropriate 
values of V, and C,. taken from Eqs. 3 and 6. 


2 (yL)°  (yL)’ 
Continuing with the separation of the real and the 
imaginary portions of this equation, and converting the 


equation from the series to the trigonometric form, 
leads to 


G: (6) 


> 
+ A) sinA — A cos. 
Lop 


xc + A) cosA + A sin at] e* 
(8) 
where 
Lop 


A factor G, can be defined to be the fraction of the 
true formation conductivity that is actually recorded 
by an induction log calibrated under these conditions. 


Ike 


Oa 


(10) 


G,= 
Dividing both sides of Eq. 8 by a, 


1 
G, = a) sind cosal 


(11) 


The imaginary portion of this quantity, representing the 
portion of the induction log signal at quadrature with 
the transmitter coil current, is rejected by the phase- 
sensitive detector of the recording circuit. The remain- 
ing real portion of G, thus gives the conductivity re- 
sponse of an induction logging tool calibrated on the 
basis of the geometric factor concept in terms of its 
fraction of the true formation conductivity. 


The value of the real part of G, has been calculated 
for values of A of interest in induction logging. The 
results are shown in Fig. 2. If the propagation effect 
were not active, the recorded conductivity would be 
equal to the formation conductivity and G, would be 
equal to unity for all values of conductivity. The ef- 
fect of attenuation and phase shift in the formation is 
shown by the deviation of the value of G, from unity. 
Due to propagation effects, the relative response of the 
induction log falls off rapidly with increasing values of 
the dimensionless parameter A. Thus, it is apparent 
that the perturbations of the induction log response as a 
result of the propagation effect increase not only with 
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increasing formation conductivity, but also with in- 
creasing transmitter-receiver coil spacing. 


For a given induction logging instrument, the coil 
spacing and operating frequency are fixed so that the 
value of A varies only with the formation conductivity. 
The solid curve of Fig. 3 shows the variation of G, 
with formation conductivity for a single transmitter- 
receiver coil pair spaced at 40 in. The operating fre- 
quency is 20,000 cps. At 20 millimhos/m (50 ohm-m), 
the conductivity recorded by an instrument calibrated 
without taking the propagation effect into acount is 
97.2 per cent of the true formation conductivity. The 
response falls to 91.5 per cent in a 200-millimho/m 
(5 ohm-m) formation, and at 1,000 millimhos/m (1 
ohm-m) the response is only 81.2 per cent of the actual 
conductivity. 


It is thus apparent that, as a result of the propaga- 
tion effect, the response of the induction log departs 
from linearity with formation conductivity. The con- 
ductivity curve can be only approximately recorded on a 
uniformly divided scale of the conductivity track unless 
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some instrumental provision is made to correct for this 
nonlinearity of response. 


APPLICATION OF METHOD TO MULTIPAIR 
COIL SYSTEMS 


Practical induction logging instruments employ multi- 
coil systems* to achieve a more satisfactory pattern for 
their field of investigation. This is done by adding 
auxiliary or focusing coils, connected in series with the 
coils of the main pair. In this way signals which are 
generated in the auxiliary receiver coils through the 
action of induction from the main and auxiliary trans- 
mitter coils can be made to add or subtract from the 
basic signal of the tool produced by the main-coil pair. 
The same form of calculation made for the single-coil 
pair can apply to any combination of auxiliary coils by 
simply adding, with due regard to magnitude and phase, 
the signals calculated for each possible transmitter- 
receiver coil pair of the complete coil system. 


EFFECT OF AUXILIARY COILS IN FOCUSING 

Fig. 4 illustrates a simple four-coil, symmetrical-form, 
focused induction-logging tool. Auxiliary transmitter 
and receiver coils are mounted at equal distances out- 
side the main receiver and transmitter coils, respectively. 
The auxiliary coils are wound with a smaller number 
of turns of wire than the main coil. The auxiliary coils 
usually are connected to the main coils so that their 
directions of winding are in opposite sense. Thus, signals 
developed in the receiver circuit through the action of 
any main-auxiliary coil pair are in the opposite direc- 
tion and, hence, subtract from the signal developed by 
the main-coil pair. The composite signal in the receiver 
circuit of the coil system illustrated is the algebraic 
sum of the four signals developed by each separate 
transmitter-receiver coil pair. 


Valioor = Valrr + Valiz 
The subscripts identify the particular transmitter- 


receiver coil combination through which the voltage 
component is developed. The calculating procedure for 
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the voltage components generated by the separate coil 
pairs can be made to have the algebraic sign to prop- 
erly combine in this summation by employing a uniform 
sign convention for each individual calculation. The 
reverse winding of any coil can be accounted for by 
assigning a negative sign to the number of turns on all 
coils wound in a direction opposite to that of the main 
transmitter coil. 


THE CALIBRATION FACTOR 
FOR MULTIPAIR COIL SYSTEMS 
The voltage signal developed in the receiver circuit 
can be converted to the apparent conductivity of the 
formation by multiplying it by a suitable calibration 
factor. 


For the purpose of illustrating tool performance, it 
is convenient to base the calibration on the geometric 
factor concept just as was done in the previous con- 
sideration of a single coil pair. Under the geometric 
concept, the voltage expected to be developed by a 
single coil pair was shown in Eq. 3b to be 


Kop NoNp 
Vz, = —o = 

47 
If all of the coils of the tool have the same area of 
cross section, the first fraction on the right-hand side of 
the equation will be a constant for each of the coil 
pairs. The magnitude of the voltage is then proportional 
to the variable portion of the expression represented by 
the second fraction. Insofar as the addition of the 
magnitudes of the components of the signal voltage is 
concerned, therefore, this fraction can serve as a 

weighting factor W. 


By applying Eq. 3b to the separate components of 
Eq. 12 it can be shown that the calibration factor for 
the complete tool becomes 


(3b) 


(14) 


C 4a 
TR Tr tk ts 


RELATIVE RESPONSES OF 
MULTIPAIR COIL SYSTEMS 


Following the definition of G, given in Eq. 10 for a 
single coil pair, the apparent conductivity recorded by 
a tool (calibrated in this way) in a formation having 
a true conductivity « can be defined as 


combining this with Eq. 13 gives 
Galtoor = Goltoor = Galea (17) 
so that 
(18) 


On the basis of the definition of the calibration con- 
stant for a single coil pair represented by Eq. 5, we may 


write 
Each one of the several calibration constants has the 
form 


1 
op Wor 
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The first fraction on the right of the equation is a factor 
common to all of the constants and, therefore, cancels 
out. Since by definition 

Calre 


= ——, 


Eq. 19 can be reduced to the form 

= 
Wor x + Wo, X X Gillis 
Wor + Win t Wi, 


(20) 
Therefore, the effective value of G, for the composite 
tool is the weighted average of all of the G, values for 
the separate transmitter-receiver coil pairs which con- 
tribute to the receiver signal. The quantity N>Ne/Lrx 
for each coil is used as the weighting factor. 


COMPARISON OF RESULTS—“GEOMETRIC 
FACTOR” VS “PROPAGATION EFFECT” 
METHODS OF CALCULATION 


The separate portions of the right-hand side of Eq. 
18 are the voltages developed by separate coil pairs. 
All are multiplied by the calibration constant for the 
tool. Each product, therefore, is in the conductivity 
units for which the tool is calibrated and can be con- 
sidered as the specific contribution of each coil pair to 
the over-all conductivity response recorded by the tool. 
That is, 

where the notation o]rr identifies the component of the 
signal contributed by the coil pair TR expressed in con- 
ductivity units of the calibration of the tool. Taken in 
this sense, each component must be considered as hav- 
ing the algebraic sign of the voltage signal from which 
it was derived. The response of the same tool, com- 
puted on the basis of the geometric factor concept, may 
be expressed in a similar manner. 

In this anaiysis the calibration constant is chosen so 
that the apparent conductivity calculated on the basis 
of the geometric factor concept is identically equal to 
the formation conductivity shown by the identity at the 
right of the equation. The factor G, (defined by Eq. 10) 
relates the ratio of the response calculated on the basis 
which includes the propagation effect to the true con- 
ductivity of the medium. Because of the identity be- 
tween the true conductivity and that calculated on the 
basis of the geometric factor, 

Eq. 21 may be rewritten in the form 
Galtoot = Golrr + Golor Gos lor 
Comparing this equation term-for-term with Eq. 22 
makes it apparent that the performance of the induction 
log, calculated on the basis of the geometric factor con- 
cept (Eq. 22), may be corrected to account for the pro- 
pagation effect (as shown in Eq. 21) by multiplying the 
signal contributed by each coil pair (expressed in con- 
ductivity units) by the value of G, appropriate to the 
coil-pair spacing and the conductivity of the formation 
involved. 


ILLUSTRATIVE EXAMPLES 

The results of the computation of the conductivity 
response of two different coil systems of the four-coil 
symmetrical type shown in Fig. 4 for an infinite medium 
of uniform conductivity are shown in Tables 1 and 2. 
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Both tools have the same main-coil spacing and the 
same number of main-coil turns. One coil system has 
its auxiliary coils spaced at approximately 11 in. out- 
side the main coils, while the other uses a 25-in. spacing. 
In both cases the number of turns on the auxiliary coils 
have been calculated to provide approximately zero 
mutual inductance between the transmitter and receiver 
circuits, as required to provide minimum response to 
conductive material near the axis of the coil system.° 
The mutual-inductance condition makes the number of 
turns greater on the more widely spaced auxiliary coils. 
This increases the relative weight of the negative signal 
developed between the combinations of these coils with 
the oppositely wound main-coil pairs. As a result, the 
coil system having the greatest auxiliary-coil spacing has 
a substantially greater degree of focusing than that of 
the shorter-spaced auxiliary-coil pair. The calculations 
are based upon the use of a calibration constant deter- 
mined by the geometric factor concept. Therefore, the 
geometric factor calculation of necessity gives a con- 
ductivity equal to the true conductivity of the forma- 
tion. This is, of course, the value that the tool would 
be expected to read if the geometric factor analysis 
were valid. 


Lightly Focused Tool 


The results of the calculations for the coil system 
with the 11-in. auxiliary-coil spacing, operating in a 
material of 500 millimhos/m, are shown in Table |. 
The calculation based upon geometric factor considera- 
tions gives an expected response from the main-coil pair 
alone of 539.6 millimhos/m. This increased response 
for the main-coil pair is necessary since the two coil 
pairs formed by combinations of main and auxiliary 
coils give subtractive signals (due to the reverse winding 
of the auxiliary coils) of 19.84 millimhos/m each. The 
positive contribution of the remaining coil pair, made 
up of the two auxiliary coils, is almost negligible be- 
cause of the small number of turns on each coil and 
the large distance between them. The sum of the con- 
tributions of all of the coil pairs, calculated by the geo- 
metric factor procedure, must equal 500 millimhos/m 


TABLE 1—CONTRIBUTION OF SIGNALS OF SEPARATE COIL PAIRS OF A 
LIGHTLY FOCUSED FOUR-COIL INDUCTION LOGGING TOOL 
TO THE TOTAL TOOL RESPONSE 
Main Coils: Spacing (Lrr) = 40 in.; Turns (Nr, Nr) = 500. 
Auxiliary Coils: Spacing (Lrr, Ltr) = 11 in.; Turns (Nt, Nr) = 5. 
Formation Conductivity = 500 millimhos/m. 


‘Calculated Conductivity 


Coil Pairs Weight By With 
Transmitter Receiver Relative Geometric Propagation 
T LrR Weight Go Factor Effect 
Main Main 9842.5 1.0792 -8660 539.60 467.33 
Main Auxil. —361.9 —.0397 +9635 —19.84 19.12 
Auxil. Main —361.9 —.0397 —19.84 —19.12 
Auxil. Auxil. 0.6 -0002 .7950 .04 -03 

Complete Tool 9119.3 1.0000 .8582 500.00 429.12 


because of the way the calibration constant is defined. 

As a result of the propagation phenomena, the actual 
contribution of each coil pair to the total response is 
reduced to the fraction G, of the response calculated 
from the geometric factor method. The main-coil pair 
contributes the fraction G, = 0.866 of the signal shown 
by the geometric factor calculation. Thus, the main-coil 
contribution is actually only 467.33 millimhos/m. The 
subtractive signals, since they are produced by coil pairs 
of shorter spacing, have larger G, values. Thus, the 
subtractive signals produced by the shorter-spaced coil 
pairs are not reduced by the propagation effect in 
as great a proportion as the main-coil signal. The 
net signal recorded by the focused tool, therefore, 
will be relatively smaller than for an unfocused tool. 
In this example the conductivity actually recorded 
by the composite tool is 429.1 millimhos/m. This 
is 85.8 per cent of the true conductivity. In a 500- 
millimho/m formation, this focused tool operates 
with an effective value of G, equal to 0.858. This 
reduction from the value of 0.866 for the main- 
coil pair amounts to an increase in the influence of the 
propagation effect by the application of focusing to the 
tool. The effective value of G, for this tool over the 
full conductivity range is shown in the dotted curve of 
Fig. 3. 


Strongly Focused Tool in a 
Moderate-Conductivity Formation 


The results of calculations on the more highly focused 
coil system are shown in Table 2. In this coil system 
the relative signal magnitude of the subtractive signals 
calculated by the geometric factor method is increased 
due to the greater weight given these components by 
the increased number of turns on the auxiliary coils. 
The particular method of calibration used takes this 
into account and makes the sum of signal components 
500 millimhos/m as required for the geometric factor 
procedure. The main-coil pair develops a signal which 
is equivalent to 811.2 millimhos/m. This is necessary 
because each one of the main auxiliary coil pairs devel- 
ops a subtractive signal equivalent to 158.3 millimhos/m. 


The fraction G, of the geometric factor response 
which the main coil develops when propagation effects 
are taken into account is dependent on the coil-pair 
spacing and the formation conductivity; thus it remains 
the same for the main-coil pair in both the lightly and 
the heavily focused tool. However, the values of G, 
for coil pairs involving the auxiliary coils are decreased 
due to the increased spacing of the auxiliary coils in 
the more heavily focused tool. The net signal developed 
in the receiver coil system, taking propagation effects 
into account, is 416.63 millimhos/m, which is 83.3 
per cent of the value calculated from the geometric 


TABLE 2—CONTRIBUTION OF SIGNALS OF SEPARATE COIL PAIRS OF A HIGHLY FOCUSED FOUR-COIL INDUCTION 
LOGGING TOOL TO THE TOTAL TOOL RESPONSE 


Main Coils: Spacing (Lrr) = 40 in., Turns (Nr, Nr) = 500. 
Auxiliary Coils: Spacing (L7'r, Ltr) = 25 in., Turns (Nt, Nr) = 61, 


Formation Conductivity (Millimhos/m) 


Coil Pairs Weight 
Transmitter Receiver Relative 
Weight Go 
Main Main 6250.0 1.622 -8660 
Main Auxil —1220.0 —.317 -9161 
Auxil. Main —1220.0 —.317 
Auxil. Auxil. 41.3 -012 .7019 
Complete Tool 3851.34 1.000 -8333 
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500 1,000 

Calc. Cond. Calc. Cond. 

By With By With 
Geometric Propagation Geometric Propagation 

Factor Effect Go Factor Effect 
811.2 702.86 .8124 1622.4 1318.10 
—158.3 —145.01 .8817 —316.6 —279.13 
—158.3 —145.01 .8817 —316.6 —279.13 
5.4 3.79 .600 10.7 6.42 
500.0 416.63 7663 1000.0 766.25 
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factor concept. Thus, the effective value of G, for the 
complete coil system is 0.833. The lower value of G, is 


a direct result of the greater degree of focusing in the 
second tool. 


Strongly Focused Tool in a 
High-Conductivity Formation 


The results of a third calculation are shown in the 
last three columns of Table 2. They apply to the more 
highly focused tool operating in a homogeneous ma- 
terial of 1,000 millimhos/m. In the geometric factor 
calculation, the contribution of each coil pair is strictly 
dependent upon its geometry and is directly propor- 
tional to the formation conductivity. Thus, the values 
computed on this basis are exactly double those ob- 
tained for the same tool in the 500-millimho/m ma- 
terial. In considering the propagation effect, however, 
each one of the signals is reduced to a lower fraction 
than for the 500-millimho/m material because both 
the attenuation and phase shift of the electromagnetic 
wave are increased. By increasing the conductivity to 
1,000 millimhos/m, the G, for the main-coil pair is re- 
duced from 0.866 to 0.8124. The auxiliary-main coil 
pairs have spacings less than the main-coil pair so that 
the increase in conductivity does not reduce the G, for 
these coil pairs as much as for the main-coil pair. As a 
result, the conductivity signal for the composite tool 
drops at a more rapid rate with increasing conduc- 
tivity than for the main-coil pair. With propagation 
effects taken into account, the conductivity signal de- 
veloped by this tool in a 1,000-millimho/m formation 
is 76.6 per cent of that value. 


The variation of the effective value of G, for the 
composite coil system of this more highly focused tool 
is shown in the dashed curve of Fig. 3. It is apparent 
that, in coil systems of this type in which the auxiliary- 
coil pairs effective in focusing have a shorter spacing 
than the main-coil pair, the value of G.],,,: decreases 
with increasing degrees of focusing. 


EFFECT OF PROPAGATION PHENOMENON ON 
LINEARITY OF CONDUCTIVITY RESPONSE 


It is evident that all induction logging tools calibrated 
without taking the propagation effect into account will 
record an apparent conductivity which is lower than the 
true conductivity. Further, the plots of the relative 
response of the several coil arrangements shown in 
Fig. 3 emphasize the fact that the actual response of 
induction-log coil systems is not linear with conduc- 
tivity and that the departure from linearity increases 
with increasing degrees of focusing. The apparent con- 
ductivity becomes a smaller fraction G, of the true 
conductivity as the formation conductivity increases. 
Therefore, any attempt to correct for this loss of signal 
due to the propagation effect by a simple increase in 
the gain of the recording circuit can result in only a 
partial correction. This becomes apparent from Eq. 17, 
which may be rewritten 

The true formation conductivity o cannot be strictly 
proportional to the voltage developed in the receiver 
system of the tool, V.],..:, unless the calibration factor 
C.Jioor, and hence the gain of the recording circuit of 
the tool, is made to vary in precisely the same propor- 
tion with formation conductivity as the G, value for the 
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tool. To accomplish this, a suitable nonlinear element 
must be added to the recorder circuit. In modern in- 
duction-logging equipment, a correction of this type is 
commonly applied to make the amplitude of the con- 
ductivity curve a linear function of the formation con- 
ductivity. 


FIELD EQUATIONS NEAR A PLANE 
CONDUCTIVITY INTERFACE 


The field equations for a single transmitter-receiver 
pair have been solved for the case of the approach of 
a plane interface between two conductive formations 
by the use of the Hankel type of integral transforms 
following the method of Sommerfield.” 


COIL PAIR IN HIGHER- 
CONDUCTIVITY FORMATION 

When the coil pair is situated in the formation having 
the higher conductivity o, with the axis of the tool 
perpendicular to the plane interface between the two 
formations, the apparent conductivity recorded by the 
coil pair has been calculated as 


L 

o,(tool in 0.) = — 
O2 

where /, = the distance through o, from the center of 


the coil pair to the interface with o,, 

Gulo, = the apparent conductivity that would be re- 
corded in an infinite formation of conduc- 
tivity o. as established by the preceding 
analysis, and 


(32) (23) 


g, = the solution of an integral equation which 
is a function of the formation conductivi- 
ties and the distance /,.. The form of the 
relationship is shown in Fig. 6 of Ref. 2. 


The first term of the right-hand side of the equation 
represents the response of the coil pair in an infinite 
formation of conductivity o.. The approach of the coil 
pair to the interface of the formation with a lower 
conductivity will cause the apparent conductivity re- 
corded to become lower. The negative term on the 
right-hand side of the equation, therefore, represents 
the amount of lowering of the apparent conductivity 
recorded by the coil pair due to the approach of the 
adjacent low-conductivity formation. 


COIL PAIR IN LOWER- 
CONDUCTIVITY FORMATION 


For the case of a coil pair situated in the lower- 
conductivity formation, the equation for the apparent 
conductivity has been found to have a similar form. 


EG, 
Af On 
where 1, = the distance through oa; to the interface with 
and 


G, = the solution of an integral equation which 
is a function of the formation conductivi- 
ties and the distance from the center of the 
coils in o, to the interface (the form of the 
relationship is shown in Fig. 5 of Ref. 2). 

In this case the first term of the right-hand side of 
the equation represents the response of the coil pair in 
an infinite formation of conductivity o,. The second 
term represents the increase in the apparent conduc- 
tivity due to the higher-conductivity formation beyond 
the interface. 


*The number in brackets is the equation number in Ref. 2 in 
which the development of the equation is presented. 
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The integral equations, represented by the factors g, 
and G,, were programed for solution by a digital com- 
puter. Using Eqs. 23 and 24 in conjunction with suitable 
values of g, or G,, the response of a single coil pair in 
passing through a plane interface was programed for 
computer evaluation. 

APPLICATION TO A MULTIPAIR COIL SYSTEM 

The computational procedure for the response in the 
receiver circuit of a single transmitter-receiver pair can 
be applied to the calculation of the response of a com- 
plete logging tool. The response of each coil pair, ex- 
pressed as an apparent conductivity, is computed 
separately using Eq. 23 or Eq. 24, whichever is appro- 
priate. For a particular position of the composite tool, 
each coil-pair calculation uses a different value of /, 
(or /,), the distance from the center of that particular 
coil pair as it sits in the coil assembly to the interface. 
The signal for the composite tool in a specific position 
is the weighted average of the apparent conductivities 
computed for each coil pair at its particular position 
with respect to the interface. The weighting factors, 
used in the calculation of the tool performance in a 
homogeneous conductive material given by Eq. 14, also 
apply to this case. 

Eq. 23 or Eq. 24 applies only when the coil pair is 
wholly within the high- or the low-conductivity forma- 
tion. The limiting condition for each equation thus 
occurs when the nearer coil of the pair rests at the 
interface, that is, when /, or /, becomes equal to one- 
half the distance L between the coils of the pair. The 
response of each coil pair over the intervening interval 
in crossing the interface has been computed by linearly 
interpolating between the limiting value for the response 
given by Eq. 23 and that given by Eq. 24. 

The computational program for the response of a 
composite logging tool approaching and crossing a plane 
interface has been made in such a way that the prop- 
erly weighted response of each coil pair is separately 
recorded. This means that the contribution of each coil 
pair to the over-all response of the tool is computed 
and recorded in the conductivity units of the calibra- 
tion of the tool. Therefore, it is possible to plot not 
only the shape of the curve recorded by the composite 
tool in crossing the interface, but also the curve shape 
of the component signals developed by each one of its 
transmitter-receiver coil pairs. 


THE CONTROL OF CURVE SHAPE 
BY AUXILIARY COILS 


The manner in which the use of auxiliary coils affect 
the shape of the response of an induction logging tool 
in crossing the plane interface between two formations 
of different conductivity is shown in Fig. 5. The figure 
shows the shape of the response curves for each one 
of the transmitter-receiver coil pairs and for the com- 
plete coil system of the more highly focused coil system 
in logging upward from a formation having a con- 
ductivity of 100 millimhos/m into one of 1,000 mil- 
limhos/m. The solid curves illustrate the response 
calculated on the basis of Eqs. 23 and 24 and, thus, 
include propagation effects. The dashed curves are the 
response calculated on the basis of the geometric factor 
concept alone. The depth reference point for the curves 
of all the coil pairs is the center of the coil system. 

The signal produced by the main-coil pair is shown by 
the curve o,|rr. The signals developed by the auxiliary 
coils in combination with a main coil are shown by the 
two curves o,]7, and o,]|;, in the separate section at the 
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extreme right of the figure. They are plotted as negative 
conductivities because of their reverse direction with re- 
spect to the signal produced by the main-coil pair. The 
sum of these two negative signals is shown by the curve 
Galrr + Goliz at the right side of the main part of the 
figure. The signal developed by the combination of the 
auxiliary transmitter coil and the auxiliary receiver 
coil, a small signal having a relative weight of 0.012 
(Table 2), is shown by the curve o,],,. 


The complete signal developed in the receiver circuit 
of the coil system is the sum of the four separate sig- 
nals described previously. It is shown by the heaviest 
solid curve of the plot—o,].,... The several curves 
clearly illustrate the manner in which focusing, accom- 
plished by adding the auxiliary coils, sharpens the 
response of the tool in crossing the conductivity inter- 
faces. 

The main-coil pair, because of its large coil span, has 
a relatively large field of investigation. This field extends 
not only laterally into the formation, but also above 
and below the tool. The steepest break in the conduc- 
tivity curve of a coil pair is developed as the interface 
passes between its coils. The long, gradual sweep of the 
main-coil-pair curve on each side of the sharp break is 
due to the change in the portion of the signal which the 
coil receives from the formation on the opposite side 
of the interface as the pair approaches and as it moves 
away from the interface. Since the leading auxiliary- 
coil pair approaches the interface just in advance of 
the main-coil pair, the size of the signal it develops 
increases or decreases as a result of changes in conduc- 
tivity of the formations in advance of the tool in the 
same way as the signal produced by the main-coil pair. 


However, due to the reverse connection of the auxil- 
iary coil, the voltage (and, hence, the conductivity re- 
sponse) developed by the leading coil pair is in the 
reverse sense and subtracts from that of the main pair. 
Therefore, an increase in the signal of the main-coil 
pair upon approaching a higher-conductivity formation 
is accompanied by an increase in the subtractive com- 
ponent supplied by the leading auxiliary-coil pair. In 
this way the leading auxiliary coil acts in such a way 
as to compensate, at least in part, for changes in the 
signal in the main-coil circuit which arise from changes 
in the conductivity of the formation in advance of the 
tool. In a similar way the trailing auxiliary-coil pair de- 
velops a signal which, at least in part, compensates for 
changes in the main-coil signal which are due to changes 
in the conductivity of the formation from which the 
tool is receding. 


SPURIOUS DETAIL ADDED TO CONDUCTIVITY 
CURVE BY AUXILIARY COILS 

The compensation which auxiliary coils provide for 
the contribution of formations above and below the 
main-coil span can only be approximated. Often, this 
method of focusing adds spurious detail to the conduc- 
tivity curve which might easily be misinterpreted as 
lithological changes. In Fig. 5, the “peaks” which appear 
in the conductivity curve above and below the inter- 
face are examples of distortion resulting from the action 
of the auxiliary coils. 


In logging upward toward the high-conductivity for- 
mation, the conductivity curve recorded by the coil 
system o,];..: starts to increase slowly in the expected 
way about 100-in. below the interface. The compen- 
sating action of the leading auxiliary coil then comes 
into play to diminish the effect of the approaching high- 
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conductivity formation. From 50- to 20-in. below the 
interface, the contribution o,];, of this coil pair is in- 
creasing at its greatest rate. Actually, its rate of in- 
crease over this interval is greater than that of the 
main-coil pair for which it is to supply compensation. 
As a result, the leading auxiliary-coil pair is subtract- 
ing signals at too great a rate, so that the over-all 
conductivity recorded by the coil system through this 
interval actually decreases as the tool moves toward 
the higher-conductivity material. The reversal of direc- 
tion of the conductivity curve over this short interval 
causes the peak developed approximately 35-in. below 
the interface. In a similar way, the signal o,],, devel- 
oped by the trailing auxiliary coil supplies a negative 
signal above the interface which increases more rapidly 
than the signal from the main-coil pair decreases. This 
causes a reversal of the conductivity curve which re- 
sults in the conductivity peak developed at approxi- 
mately 35-in. above the interface. 

The effect of the leading and trailing auxiliary-coil 
pairs in the lightly focused coil system is so slight that 
the shape of its response across an interface is essen- 
tially the same as that of the main-coil pair—o.]r,— 
shown in Fig. 5. It does not develop the peaks shown 
by the conductivity curve of the more highly focused 
coil system. 


THE FOCUSING EFFECT OF THE 
PROPAGATION PHENOMENA 


The shapes of the conductivity curves, computed 
solely on the basis of geometric factor considerations, 


are shown by the dashed curves of Fig. 5 for the main- 
coil pair, o,;Jrrz, and for the complete tool, o,;]:..:. Al- 
though both of these curves have the same general 
shape as the corresponding solid curves which include 
propagation effects, there are some very significant 
quantitative differences. The attenuation introduced by 
the propagation effect reduces the’ distance at which 
conductive material produces a measurable response on 
the conductivity curve. This is illustrated by the solid 
(propagation-effect) curves which reach substantially a 
constant value beyond 100 in. from the interface, while 
the dashed curves (based upon geometric factor calcu- 
lations) continue to change for a substantially greater 
distance from the interface. This is equivalent to im- 
proving the focusing of the coil system insofar as verti- 
cal resolution is concerned. 

The improvement in the interface response resulting 
from the operation of propagation effects is shown 
quantitatively in Table 3 for an unfocused single-coil 
pair and for the more highly focused of the four-coil 
systems previously described. The example used in the 
table is for the coil system on the 100-millimho/m side 
of the interface with a 1,000-millimho/m material as 
shown in the lower section of Fig. 5. 


The second and third columns of the table apply to 
the performance of a single coil pair. It is apparent 
that the approach to the interface actually produces a 
much less-drastic change in the response of the coil pair 
when propagation effects are taken into account than 
would be expected on the basis of the geometric factor 
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concept. From the geometric factor calculation, a 45 
per cent change in the response is expected when the 
tool reaches 100 in. from the interface. Due to propaga- 
tion effects, this percentage of change actually does not 
occur until the center of the coil pair is less than 50 
in. from the interface. 


The response of the more highly focused four-coil 
system is shown in the last two columns of the table. 
On the basis of the geometric factor calculation, the 
change from the conductivity recorded at a very great 
distance from the interface reaches 54 per cent at 100 
in. from the interface. When propagation effects are 
taken into account, the coil system can be brought to 
less than 30 in. from the interface before a change 
this great is actually encountered. The small change 
shown in the range from 40 to 30 in. is the result of 
the peak developed by the relatively high degree of 
focusing employed. 


A paradoxical result of this type of focusing is made 
apparent in Table 3. On the basis of geometric factor 
calculations, the addition of the auxiliary coils increases 
(rather than decreases) the effect of material on the 
opposite side of the interfaces at the larger distances 
from the interface. This can be seen by comparing the 
second column for the single-coil pair with the fourth 
column for the four-coil system. The percentage change 
on approaching the interface is greater for the focused, 
four-coil system up to a distance of approximately 55 
in. from the interface. The smaller change occurs in 
the focused system only for the shorter distances. This 
anomalous condition arises from the fact that the geo- 
metric factor calculations include the contribution of 
formations at relatively great distances from the coil 
system. At the greater distances from the focused coil 
system, the contributions of the 25-in.-spaced auxiliary- 
coil pairs fail to fully cancel the signal developed by the 
40-in. main-coil pair. As the distance increases, the re- 
sponse of the tool is controlled to an increasingly 
greater extent by the overriding field of the main-coil 
pair. 

The principle effect which the inclusion of propaga- 
tion phenomena produces in the response of a coil pair 
is the marked decrease in the contribution of conduc- 
tive materials at great distances. This means that the 
sensible field of the main-coil pair does not extend as 
far beyond that of the auxiliary pairs as would be ex- 
pected from geometric factor considerations. This is 
made apparent by comparing the single-coil pair with 
the four-coil system as shown by the third and fifth 
columns of the table. When propagation effects are 


TABLE 3—JMPROVEMENT IN SHARPNESS OF INTERFACE RESPONSE 
RESULTING FROM ACTION OF PROPAGATION EFFECTS—(TOOL IN 
a1, 100 MILLIMHOS/M; ADJACENT BED o2, 1,000 MILLIMHOS/M) 


Percentage Change of Reading from Conductivity Recorded at a 
Great Distance from Interface 
More Highly Focused Tool 
(L7r = 40 in. 


Unfocused Tool Lrr = Ltr = 285 in.; 


(Lrr = 40 in., Nr = Nr = 500 
Center of Coil Geometric With Geometric With 
System to Inter- Factor Propagation Factor Propagation 
face (in.) Calculation Effect Calculation Effect 
400 .26 14.0 | 
200 22-5) + AZ 27.9 + 10 
100 45.0 8.70 54.0 9.20 
30 56.0 15.50 66.0 15,60 
60 75.0 29.00 81.0 24.60 
50 90.0 41.40 86.0 25.40 
40 112.0 61.00 73.0 5.30 
30 150.0 96.00 76.0 2.40 
20 225.0 170.00 138.0 63.00 
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considered, there is little difference in the percentage 
change of the reading on approaching the interface up 
to approximately 60 in. For shorter distances from 
the interface, the four-coil system shows substantially 
smaller changes than the single-coil pair. 

The negative change in response occurring at 400 
in. from the interface in the calculation including propa- 
gation effects is the result of portions of the approach- 
ing conductive formation which are sufficiently far from 
the interface that the electromagnetic field, in moving 
outward to that portion of the formation from the 
transmitter and then back to the receiver system, ex- 
periences 180° of phase shift with respect to the trans- 
mitter current. The signal from these remote portions 
of the formation is opposite in phase to that produced 
by the nearby conductive material and, thus, records 
as a negative signal—in effect, a negative conductivity. 
At 400 in. from the interface with the high-conductivity 
material, the magnitude of this negative signal is greater 
than the positive signal received from the lower- 
conductivity material immediately surrounding the coil 
system. 


FIELD EQUATIONS NEAR A THIN FORMATION 


The solution of the field equations for the case of two 
parallel interfaces enclosing a material having a con- 
ductivity different from that on either side is particu- 
larly important since it forms the basis for the calcula- 
tion of thin-bed corrections for the induction log. The 
general solution has been worked out following the 
method used for the single-interface problem. The 
solution has additional terms which arise from the 
electromagnetic wave reflections which occur each 
time the wave crosses an interface. Each order of re- 
flection involves the evaluation of an additional integral 
equation. In general, the contribution of these com- 
ponents decreases rapidly with increasing order of re- 
flection. To the present, only a limited number of calcu- 
lations of an exploratory character have been made. 
Nevertheless, it is apparent that the disparity of the 
results from those determined from geometric factor 
considerations is even greater than for the single- 
interface case. 

The effect of propagation phenomena on the thin-bed 
response of the more highly focused of the two ex- 
ample coil systems is shown in Table 4. The table gives 
the multiplying correction factor to convert the apparent 
conductivity recorded by the coil system at the center 
of the bed to the conductivity that would have been 
recorded were the bed of infinite thickness. The table 
illustrates the response of the tool both in a low- 
conductivity object bed with higher-conductivity side 
beds and in a high-conductivity bed with lower-conduc- 
tivity side beds. In each case, the values of the factors 
are nearer unity when propagation effects are taken 
into account than for the calculation based upon geo- 
metric factor considerations only. For the less-conduc- 
tive bed, the geometric factor calculation suggests a 
correcting factor averaging approximately < 0.40 over 
beds ranging from 6 to 16 ft in thickness. When propa- 
gation effects are taken into account, the correcting 
factor lies generally above X 0.70. 


CONCLUSIONS 


The attenuation and phase shift produced by the 
conductive formation in the electromagnetic field of 
the induction-logging coil system reduce the response 
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TABLE 4—IMPROVEMENT OF THIN-BED RESPONSE RESULTING FROM ACTI 
ON 
OF PROPAGATION EFFECTS (MORE HIGHLY FOCUSED TOOL: Lrz = 40 in., 
Nr = Nr = 500; lrr = Lie = 25 in., Nt = Nr = 61) 


Multiplying Correction Factor to Convert Apparent 
Thin-Bed Conductivity to That of Very Thick 


= Formation, 
01 = 100 a1 = 1,000 
92 = 1,000 oz = 100 
(millimhos/m) (millimhos/m) 
° Geometric With Geometric With . 
Bed Thickness Factor Propagation Factor Propagation 
(ft) Only Effect Only Effect 
16 47 .83 
14 4) 1.16 1 00 
12 38 .67 1.19 1.00 
10 37 -68 21 99 
8 40 83 1.18 96 
7 -42 99 1.16 93 
6 -40 95) 1.18 93 
33 .66 125 98 
4 23 36 1.49 1.14 
3 -16 22 2.03 1.53 


of the tool to portions of the formation at the greater 
distances to values substantially lower than those pre- 
dicted from geometric factor considerations. Thus, the 
actual field of investigation of the induction log is 
smaller than established by geometric factor calcula- 
tions. The use of computational procedures which in- 
clude propagation effects is necessary to avoid overly 
pessimistic pictures of the curve shape, interface resolu- 
tion and thin-bed corrections for the induction log. 


The quantitative performance of any multipair coil 
system cannot be calculated—either by geometric-factor 
or propagation-effect methods—unless the position, size 
and turns ratio of each coil is known. Therefore, it is 
apparent that this information should be supplied on 
each log heading for log users who wish to verify 
existing performance charts or to prepare their own 
interpretational procedures. 
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DISCUSSION 


J. H. MORAN 


This paper deals with an important aspect of induc- 
tion logging—skin or propagation effect. In fact, it 
seems to imply that interpretation of induction logs is 
still in the stage where the geometrical factor only is 
considered. This is far from being true today. 

We have in the past made studies similar to those 
described in this paper, Some results for the 5FF40 
sonde were published by Dumanoir, Tixier and Martin 
in an appendix to their paper.’ (Also see Ref. 2.) We 
also have made similar studies for the 6FF40 and for 
many other coil arrangements. Our studies have been 
made for the cases of homogeneous media, two media 
of different conductivity separated by a plane interface, 
thin beds and thick invaded beds. 

The formulas and numerical results of the paper are 
in agreement with those we have obtained. However, we 
cannot agree with some of the qualitative deductions 
based on these results. 

The most significant point on which we differ with 
the authors is the relation between “focusing” and skin 
effect that they emphasize. Their conclusion that more 
“strongly focused” sondes exhibit a larger skin effect 
is at variance with our conclusions, which have been 
based on many studies. The authors seem to realize that 
their conclusion is only valid if the auxiliary coils, intro- 
duced to achieve focusing, have a shorter spacing than 
the main pair. This is correct. If the auxiliary coils 
have a greater spacing than the main pair, then the 
skin effect is reduced and by suitable design can be 


1References given at end of Discussion. 
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effectively eliminated, Such a design is also a “focused” 
sonde. 

To illustrate these remarks refer to Fig. D-1, where 
G, as defined in the paper has been plotted for the 
S5FF40 and the 6FF40 sondes along with the three 
sondes considered in the paper. It is seen that, relative 
to the unfocused sonde, the 6FF40 has more skin effect 
while the 5FF40 has less skin effect. However, both are 
“focused” sondes with the same main-pair spacing. 
Therefore, on the basis of this comparison and num- 
erous others that could be made, we reject the implica- 
cation of the paper that strong focusing and large skin 
effect tend to accompany one another. This conclusion 
is supported only by results for three specific sonde de- 
signs. Our studies of dozens of designs show that the real 
art of sonde design lies in achieving “strong focusing” 
and small skin effect, and that this combination can 
be realized. We might also remark that the spurious 
detail at a bed boundary noted by the authors is due 
to their particular sonde designs, and sondes without 
this objectionable feature can and have been designed. 

It is important to remark here that the large skin 
effect shown in Fig. D-1 for the 6FF40 coil system does 
not represent the final response of the field tool. The 
nonlinear coil response due to skin effect is corrected 
in the field equipment by a compensating circuit. Thus, 
the readings recorded on the 6FF40 log do not require 
corrections for skin effect for thick beds to which Fig. 
D-1 applies, Corrections will be needed only where 
the beds are highly conductive and deeply invaded, or 
too thin. 


1148 


2-COIL SONDE (Le=40"), 5FF40 (Le=!5.8° 


1.00 
0,80 
Topparent UNCORRECTED 
Lacy 6FF40 D-H-T 
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CONDUCTIVITY & (mmho/m) ———> 


Fic. D-1—“G,”” PLotrep ror THE 5FF40 6FF40 Sonpes, 
ALONG WITH THE THREE SonpDES NOTED IN THE 
Text OF THE PAPER. 


With regard to a relation between skin effect and 
sonde design, in the course of our studies we have ar- 
rived at a somewhat more specific statement. To under- 
stand this statement, “an effective spacing” L, of a 
multipair sonde is defined as follows. 


_ & (Nr Na); 


1G, 


L 


where (N; N;); is the product of the number of trans- 
mitter-coil turns by the number of receiver-coil turns 
for a particular coil pair (the ith pair), and where 
(N, N,/L), is the turns product divided by the spacing 
of the ith pair. Both quantities are summed over all coil 
pairs, and the sums are divided to obtain the effective 
spacing L,. 

In Fig. D-1, the corresponding value of L, has been 
shown on each curve. It is seen that the skin effect in- 
creases as L, increases. Thus, the effective spacing L. 
is a parameter which permits a quick assessment of the 
amount of skin effect for any given coil design. 

The design of an induction logging sonde is a very 
complex problem. Such variables as geometrical factor, 
skin effect, hole size, caves, bed thickness and invasion 
diameter must all be taken into account in arriving at 
the most suitable instrument. This is not made clear in 
the paper. 
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AUTHORS’ REPLY TO J. H. MORAN 


It is true that Ref, 1 cited by Moran brought up the 
question of the influence of the so-called “skin effect” 
on the response of the induction log (in Fig. 18a) by 
illustrating the large reduction in the correction for 
relatively thick beds. However, that paper gave no 
theoretical discussion of this propagation phenomena, 
nor did it suggest a computational procedure by which 
the reader could verify the results. The reference to the 
abstract of a second paper is inappropriate since this 
paper was not presented as scheduled in 1958 and, as 
far as we are aware, has not yet been published. 

Insofar as information available to the log user is 
concerned, understanding the performance of the induc- 
tion log really is not far beyond the state in which 
geometric factor considerations alone are used. As far 
as we are aware, there is no previously published 
analysis of the basic principles of the induction log 
which takes propagation effects into account and which 
explains the principles involved in the placement of 
auxiliary coils to achieve focusing. 

The need for this type of information to assist the 
dedicated log analyst in studying the factors influencing 
the conductivity curve recorded by the induction log 
was strongly emphasized in a paper by DeWitte and 
Lowitz.* Many of the advances in well-log interpretation 
have been made by the log analysts of the industry. We 
believe that this can best be encouraged by a full ex- 
position of the principles involved in the operation of 
logging tools. It was with this view that the work de- 
scribed in this paper, and the more basic analysis de- 
scribed in Ref. 2, was initiated. Technical information 
is of little value to the log user so long as it is confined 
to the service companies’ confidential files. 


The concept of equivalent length, introduced in the 
comment as a measure of the influence of propagation 
effects, is misleading. It involves purely arithmetic con- 
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siderations, being the turns weighted-average separation 
of the transmitter-receiver pairs for the complete coil 
system. It follows the quantity we call G, in a general 
way because G, for a composite coil system is, in part, 
a function of the coil spans and turns. 

This paper has emphasized the need for full data on 
coil spacings and turns in the calculation of the per- 
formance of a focused induction log. It is difficult to 
compare our results with those of the coil systems re- 
ferred to in the comments by code symbols. Lacking 
details on the coil-system designs, only general observa- 
tions can be made. It seems almost axiomatic that the 
objective in the design of any logging tool —- intended 
to be interpreted in terms of the resistivity of the deep, 
uninvaded portion of the formation — should be to 
obtain maximum depth of its zone of investigation. 
Focusing the induction log to achieve thin-bed resolu- 
tion should not be done at the expense of its depth 
of investigation. 

We question the objective in the focusing of the tool 
cited as having auxiliary coils at greater spacings than 
the main-coil pair. It is implied that this is the case for 
the coil system coded as SFF40. The radial characteristic 
of this tool has been published in a paper by Tixier, 
et al.” Fig. 1 of that paper gives its effective geometric 
factor for the formation outside of a radius of 50 in. 
to be only 0.25 (1 — G,,)). This is almost identical to 
the radial response of a single-coil-pair, unfocused sys- 
tem having a 20-in. span. In contrast, a 40-in. un- 
focused pair has an effective geometric factor in excess 
of 0.45 for the formation beyond this radius. This fig- 
ure can be increased at the same time the thin-bed 
response is improved by employing the type of focusing 
we describe. 

The second coil system cited has the bed thickness 
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and radial response of an advantageously focused, 40-in. 
coil system. We question the Propriety of classing the 
SFF40 as a 40-in. coil system in making the comparison 
of its G, with that of a 40-in. tool, as is done in Fig. 
D-1. Actually, the curve indicated for the tool is in the 
position that would be occupied by a 20-in. basic span 
tool. If the equivalent length of 15.8 in. indicated for 
the tool is significant, it also supports our speculation. 
We are aware that induction-logging coil systems can 
be designed which do not develop the spurious “peaks” 
at each side of a high-conductivity contrast interface. 
It is pointed out that the lightly focused coil system 
does not develop this curve shape. The more heavily 
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focused system was illustrated for the specific purpose 
of demonstrating how these peaks, so commonly dis- 
played by the present generation of logging tools, are 
attributes of the tool focusing system and not of litho- 
logical details in the formation under examination. 
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Unsteady-State Gas Flow into Gas Wells 


R. SMITH 
MEMBER AIME 


ABSTRACT 


The theory for unsteady radial flow of gas, as simpli- 
fied by Aronofsky and Jenkins, has been reviewed and 
compared with actual well performance. This study in- 
dicated that the theory should be modified by the 
introduction of an empirical “rate of flow” function 
“Yq”. The expansion of the theory on the flow of gas 
to include a Y.4) term bridges the gap between the 
theory of unsteady-state flow of gas and actual gas-well 
behavior. Apparently, the Y (,) term is a function only 
of the rate of flow for a given well. The completion 
factor or skin effect is associated with the Y.., function 
in such a manner that at least two or more sets of 
drawdown or pressure build-up tests are needed to 
separate the Y .,) function and the completion factor. 
Since the Y .,) function used in this report represents 
an energy loss dependent on rate of flow near the well- 
bore of a gas well which is in addition to the loss 
required by Darcy’s law, the Y,,, function is related 
to the exponent of the back-pressure curve for a gas 
well. 


Techniques and equations are presented which permit 
the estimation of stabilized and “short-time” deliver- 
abilities. 


INTRODUCTION 


The published theory of radial unsteady-state flow 
of gas through porous media may be divided into 
papers”* which use Darcy’s law as a premise and other 
papers*”**” which recognize that Darcy’s law may not 
hold for flow into gas wells. Miller’ compared theory 
based on Darcy’s law with actual gas-well behavior 
and concluded that flow into gas wells deviates from 
Darcy’s law. Houpeurt** in a thorough investigation of 
flow into gas wells concluded that the flow rate into a 
gas well is proportional to the difference between the 
squares of upstream and downstream pressures elevated 
to a power between 1.0 and 0.5. Houpeurt also con- 
cluded that the deviation from Darcy’s law is caused by 
irreversible, kinetic energy exchange between the flow- 
ing gas and the porous media. Tek’ presented a com- 
plete evaluation of the flow problem in gas wells. 
Several investigators state that the inclusion of gas com- 
pressibility into flow equations based on Darcy’s law 
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does not begin to explain the flow problems suggested 
by gas-well behavior. 

For many years, natural-gas engineers have realized 
that gas wells by actual test exhibit behavior which can- 
not be explained entirely by Darcy’s law. Many tests on 
gas wells have indicated that a value of 0.85 for the 
exponent in the back-pressure equation is a fair aver- 
age for many wells. However, Darcy’s law either for 
steady or unsteady-state conditions indicates that the 
exponent should be 1.0. The purpose of this paper has 
been to examine this deviation from Darcy’s law and 
to present a reasonable mathematical means of evalu- 
ating the deviation. 

The method presented in this paper combines previ- 
ous theory with an empirical function to provide a 
description of gas-well behavior. All equations in this 
report are for constant terminal-rate-of-flow conditions. 
While present methods of testing wells usually are not 
based on this concept, they are believed to approach 
the constant terminal-rate conditions closely in many 
tests. However, several gas wells were tested by hold- 
ing the rates of flow constant in order to approach 
more closely the constant terminal rate of flow; the 
results confirm the concepts presented in this paper. 


REVIEW OF THEORY FOR UNSTEADY-STATE 
FLOW OF GAS 


The basic partial differential equation for the flow 
of natural gas has been given in technical literature; 
the equation for a cylindrical reservoir with the well in 
the center is 

| LO(P/P.)* _ 26ua(P/P.) 
or’ 

According to Aronofsky and Jenkins,’ Eq. 1 is based 
on the following assumptions. 

1. The top, bottom and outer curved surfaces are 
impermeable. 

2. The permeability to gas is constant and independ- 
ent of pressure. 

3. The density of the gas is proportional to pressure. 

4. The flow follows Darcy’s law. 

5. The viscosity of the gas is constant. 

6. Gravitational forces are negligible. 

Eq. 1 is nonlinear, and the only analytical solution” 
known is for a one-dimensional semi-infinite medium. 
However, numerical solutions for Eq. 1 have been pub- 
lished** which were reviewed by Aronofsky and Jenkins.’ 
They concluded that the numerical solutions for Eq. 
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1 could be represented very closely by the solutions 
for transient liquid flow. A brief review of the con- 
clusions of Aronofsky and Jenkins’ is presented in Ap- 
pendix C. Also, Appendix C shows how the solution for 
transient liquid flow may be used to arrive at the follow- 
ing approximate equation for transient flow of gas ina 
radial system. 


where P,,, is the “cumulative pressure drop for a unit 
rate of flow” function described by van Everdingen and 
Hurst.” Table 4 includes values and equations for cal- 
culating the function. 


(2) 


Eq. 2 does not represent a solution to Eq. 1, but it 
is a close approximation to the numerical solutions.’* 
The numerical solutions given in Ref. 3, for seven 
values of the dimensionless flow ratio O from 0.005 
to 0.5, show only a small variation from Eq. 2. The 
value of 0.5 for O corresponds to an actual flow rate 
of 54 Mscf of gas/24 hours/ft of sand for an initial 
pressure, viscosity and permeability of 450 psia, 0.012 
cp and 10 md, respectively. Aronofsky called attention 
to the small variation of the numerical solutions with 
Q from that indicated by Ege: 


When the dimensionless time ratio @ increases until 
it is larger than 0.3 and the effective radius of drainage 
has become stabilized, Eq. 2 becomes 


) 


In 

Vw 

At this time, the well may be said to have become 
stabilized. 

For short periods of flow which start with the well 
shut-in, when the fraction of the gas reserve removed 
from the reservoir (00) during the flow is less than 
0.001, and when the dimensionless time ratio @ is 
small, Eq. 2 becomes, for all practicable purposes, 


Q 

In regard to the P,,, function, van Everdingen and 
Hurst” state that, for dimensioniess time ratios (re- 
ferred to the well radius) larger than 100, the P,,, 
may be approximated by 

Substituting for P,,, from Eq. 5 into Eq. 4, the result 
is 


— 
Y% + 0.809) = [ .(6) 
Q 
where 
KP.t 
PLP 


Time in seconds, the pressure term and O are the 
only variables in Eq. 6 for a well and a given initial 
pressure. Consequently, a plot of drawdown data for 
gas wells should result in a straight-line relationship 
between the pressure term and the logarithm of time. 
This straight-line relationship permits the direct calcula- 
tion of the dimensionless flow ratio O from the slope 
by means of the following derived from Eq. 6. 


Jeterminations of O by means of Eq. 6 are dependent 
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only on measurements of pressure and time, provided 
the rate of flow is constant. 


Permeability may be calculated from Q by the defini- 


tion of QO given in the Nomenclature, which requires 
the estimation of the viscosity of the gas and the net 
productive thickness of the reservoir at the well. Per- 
meabilities calculated in this manner should be the 
average permeability of the reservoir out to the extent 
of the radius of drainage for the particular time period 
under consideration. However, these permeabilities do 
not include the effect of the drilling and completion 
of the weil on the reservoir near the wellbore. 


COMPARISON WITH EXPERIMENTAL RESULTS 


Special tests were conducted on gas wells in low- 
permeability reservoirs to study unsteady-state behavior 
and to test the theory just outlined. Several wells were 
tested by actually keeping the rate of flow constant in 
order to approach more closely the constant terminal 
rate of flow. These wells were tested according to the 
isochronal-performance method described by Cullender,* 
which requires that the well be shut-in after each flow, 
and the sand-face pressure being permitted to build 
up to almost the stabilized reservoir pressure before the 
well is started flowing. The performance curves for 
these wells, as indicated by the equation 

had values of n that ranged from 0.696 to 0.948. 
Isochronal-performance and back-pressure” curves for 
gas wells are known by experience to have exponents 
(values of n) that vary from 0.5 to 1.0. Even though 
the theory outlined previously predicts an exponent of 
1.0, it was decided to test the theory step-by-step and, 
if possible, determine why exponents other than 1.0 
are observed in gas-well performance studies. Each set 
of drawdown data for each well was used to calculate 
the permeability of the reservoir rock around the well. 
Fig. 1 illustrates a typical set of drawdown data from 
Well A. Permeabilities for different rates of flow for 
five of the wells tested are given in the third column 
of Table 1. 


Although there is some variation in the permeabilities 
for each well—and there may be a systematic variation 
with rate of flow—the agreement between the separate 
determinations is believed to be good. The consistency 
of the permeabilities for each well, despite the varia- 
tion in rate of flow, indicates that Darcy’s law is ap- 
plicable to the flow of gas in reservoirs at least to the 
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TABLE 1—PERMEABILITIES, COMPLETION FACTORS AND Y(q) VALUES 
CALCULATED FROM DRAWDOWN DATA ON FIVE GAS WELLS 
(180-MINUTE PERIODS OF FLOW) 


Rate of Permeability 
Well Flow (Mcf/D) (Darcy) Ss Y(a) 
A 67.8 0.000,47 mos: 0.173 
120.4 -000,56 266 
239.8 000,57 541 
309.3 000,59 -695 
B 1,946 0.018,2 — 4.420 0.305 
3,911 -019,2 -585 
4,956 .019,5 .730 
C 817 0.010,8 — 5.065 0.536 
1,531 -011,8 -912 
1,804 -011,2 1.127 
D Al 0.011,4 — 4.437 0.330 
1,898 .010,4 -600 
2,642 .010,5 -830 
E 1,619 0.022,4 —4.894 0.778 
2,793 .022,0 1.358 
3,664 .024,6 1.601 


extent involved in the calculation of permeability from 
the slope of the drawdown curves for the particular 
rates of flow. It is not known whether larger variations 
in rate of flow would cause a variation in the calculated 
permeability. 

The average permeability for each of the five wells 
from the third column of Table 1 was substituted into 
Eq. 6 along with the approximate time, the wellbore 
radius, effective porosity, viscosity and rates of flow, to 
calculate the isochronal-performance curve which is 
labeled as “Eq. 6” in Figs. 2 through 6. Actual data 
points from rates of flow and pressures taken during 
testing also are shown on Figs. 2 through 6, as circles. 
The agreement between the measured isochronal data 
and that calculated by means of Eq. 6 is very poor. 
In addition, the value of n (the exponent in Eq. 8) is 
1.000 for the isochronal-performance curves calculated 
by means of Eq. 6. Although Eq. 6 indicates that 
[1 — (P../P.)*] forms a straight-line relationship with 
the logarithm of time which is confirmed by experi- 
mental data, it must be concluded that Eq. 6 is in- 
adequate for computing the behavior of gas wells. 


The first obvious deficiency in Eq. 6 is that it does not 
contain the “skin effect” or completion factor S as de- 
fined by van Everdingen” and Hurst.” If completion fac- 
tor term S is added to the left side of Eq. 6 and values 
of S are taken as given in Table 1, a new set of iso- 
chronal-performance curves may be calculated for the 
five wells listed in Table 1. The results of including S$ 
are the curves labeled as “Eq. 6+ S” in Figs. 2 
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through 6. Again, the calculated performance curve has 
an exponent n of 1.000. However, the position of the 
curve from Eq. 6 with completion effect added is con- 
siderably different from that of the curve from Eq. 6, 
but it does not adequately represent the experimental 
data for the wells indicated by circles in Figs. 2 through 
6. The positions of the curves labeled “Eq. 6 + S” 
could be changed by changing the value of the com- 
pletion factor S and could even be made to fall on any 
of the experimental points by adjusting the value of S. 
However, such calculated performance curves would 
have an exponent of 1.000. Therefore, such curves 
would not be representative of actual data taken on 
wells because an exponent of 1.000 is rarely observed 
in isochronal-performance curves from test data. 


A review of the literature**’” suggested that a 
non-Darcy effect which is rate-dependent may cause 
the difference between Eq. 6 with the completion factor 
and actual well-test data. This effect must be rate-de- 
pendent in order to make Eq. 6 give performance 
curves with an exponent less than unity. 


If O is computed as outlined and substituted into 
Eq. 6 with time- and pressure-factor values from the 
straight-line portion of the drawdown curve, apparent 
values of [In (KP,/dpr,,’)] may be computed. The re- 
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sults of such calculations for Well C are given in the 
last column of Table 2. These results are not constant, 
and they show a progressive change with rate of flow. 
An examination of the [In (KP,/¢yr,,”)] values in Table 
2 and similar computations shows that these values 
vary with the rate of flow. As mentioned previously, 
it is believed that Eq. 6 should contain the comple- 
tion factor S$. However, there is nothing in the lit- 
erature that would indicate that the completion factor 
S would vary with the rate of flow for a given well. 
Neither permeability, porosity and wellbore radius would 
be expected to vary with rate of flow. The pressure 
at stabilized shut-in conditions in the reservoir would 
decrease very slightly, but the decrease during a short- 
time test would be so small that it would be impos- 
sible to measure in a commercial reservoir. The com- 
pressibility and viscosity of the gas flowing to a well 
would vary with the pressure drop for various rates of 
flow, but it is believed that their variations would not 
account for the wide range in apparent values of 
[In (KP./pr. )] listed in the last column of Table 2 
and similar results obtained on other gas wells. 

A variation in the apparent value of [In (KP./dpr..’)] 
with rate of flow was observed in the results of the 
tests on all the gas wells tested. If the flow of gas 
followed Darcy’s law from the radius of drainage to 
the wellbore, there would be no variation with rate of 
flow for the term in brackets. This suggested that 
observed variation is related to the exponent in Eq. 8, 
the back-pressure relationship, because the exponent 
would have a value of unity (or very close eee if 
the flow of gas followed Darcy’s law. 

It is then concluded that Eqs. 2, 3, 4 and 6 should 
be modified by adding the completion factor S and a 
rate-of-flow dependent term which has been designated 
Y..). The addition of the Y,,) function is merely an 
empirical method for adjusting theory to conform with 
actual gas-well behavior. 

If completion factor S and the Y«j) function are 


TABLE 2—APPARENT VALUES OF [In (KPo/@srw?)] FOR THREE RATES OF 
FLOW FROM WELL C (180-MINUTE PERIODS OF FLOW) 


Rate of - Apparent Values of 


Well Flow (Mcf/D) Q _In (KPo/ 
817 0.148 6.914 
1,531 254 —6.090 
1,804 316 ~5.712 
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added to the P,,, term in Eqs. 2, 3, 4 and 6, the re- 
sultant equations are 


n (0.472%) gery, 
Q 


Q 


and 


Q 


(12) 


CALCULATION OF Y,,) VALUES 

While Y,,) is similar to the completion factor in 
many respects, it probably represents a variable devia- 
tion from Darcy’s law which is related to the rate of 
flow. It is then reasonable to expect that, as the rate 
of flow approached zero, Y,,) would approach zero. 
This relationship is illustrated in Fig. 7 where values 
of [In (KP,/dpr.) + 2S + 2Y,,)] are plotted against 
Q, the dimensionless rate-of-flow ratio. Extrapolation of 


the established relationship to where O = 0 permits the 
determination of the value of [ln (KP,/dyr,,’) + 2S] 
which was — 7.95 for the test data illustrated in Fig. 
7. The calculated values of Y,.,, corresponding to the 
three rates of flow for Well C in Table 2 are 0.518, 
0.930 and 1.119, respectively, while values read from 
the straight line on Fig. 7 are 0.536, 0.912 and 1.127, 
respectively (Table 1). Values of Y,,) were calculated 
in a similar manner for the other four wells and are 
given in Table 1. Similar calculations may be made for 
other gas wells if data are available for two or more 
rates of flow. 


CALCULATION OF COMPLETION 
FACTOR OR SKIN EFFECT 


By means of Fig. 7, the following was determined 
for Well C at O = 0. 
In ) = 7.95, 
or 
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If the values of K, P,,@ and yw are known, the com- 
pletion factor may be calculated for the well. K = 
0.011,3 darcy; P, = 32.1 atm; ¢ = 0.07; and pp = 
0.012 cp. Then, 

r, = 1,106 cm, or 36.3 ft. 
If the value of r,,/e* is defined as the effective radius 
of the wellbore, S$ can be arbitrarily assumed to be 
zero. However, if the drilled radius of the wellbore 
(6.98 cm, or 0.229 ft) is substituted into this expres- 
sion, the completion factor or skin effect S is deter- 
mined to be —5.065 (Table 1). 


As Well C has been treated with a large quantity of 
acid, it probably is more realistic to consider a large, 
negative completion factor as an enlargement of the 
wellbore rather than as an increase in the permeability 
of the reservoir near the wellbore. Probably, the effect 
actually is a combination of both an increase in perme- 
ability and an enlargement of the wellbore. 


A well, on which the drilling and completion have 
neither damaged nor improved the permeability around 
the wellbore, would have a completion factor of zero. 
A negative completion factor indicates an improvement 
in the productive capacity of the well, while a positive 
completion factor indicates a damaged productive ca- 
pacity. The productive capacity of Well C had been 
improved considerably by the net effect of drilling and 
completion, which included treatment with acid. 


If the values of S, Y,,) and permeability from Table 
1—along with effective porosity, viscosity and the 
drilled wellbore radius—are substituted into Eq. 12, 
isochronal-performance curves may be calculated for 
the wells listed in Table 1. Three-hour isochronal- 
performance curves were calculated in this manner and 
are labeled as “Eq. 12” on Figs. 2 through 6. Each 
of the performance curves calculated by means of 
Eq. 12 has an exponent for the back-pressure equa- 
tion of less than unity. Also, each calculated curve 
represents very closely the actual experimental data 
taken on each well. Therefore, it is concluded that the 
theory of unsteady-state gas flow derived from the 
work of Aronofsky and Jenkins can be made to fit 
actual well data by the addition of the completion fac- 
tor and a Y,,) function which is dependent on the rate 
of flow. 


SIGNIFICANCE OF THE Y,,, FUNCTION 
Although the Y,,, function is an empirical factor 
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added to various equations to make them agree with 
actual data taken during the testing of gas wells, cer- 
tain observations can be made regarding the implied 
nature of the Y,,, function as it is used in this report. 
As Y,,) has been associated in a particular way in this 
report with the completion factor S, it represents an 
additional energy loss near the wellbore for the flow of 
gases. Since isochronal back-pressure curves of short 
time duration have the same exponents as those of 
longer duration, the pressure drop represented by Y,,) 
is established very quickly after a well is started pro- 
ducing. The experimental data reported by Cullender™ 
indicated that Y,,) is not a variable with respect to time. 
Data presented in Appendix A also support this con- 
clusion. 


The Y,,) function is not contradictory to the ideas 
proposed by Houpeurt’ or those of Katz and others.”” 
Houpeurt states that the kinetic energy losses in gas 
flow are concentrated in a “deviation zone” near the 
wellbore and that flow in the zone can be assumed to 
be in a steady state. Katz and others have postulated 
a zone of turbulent flow near the wellbore of gas wells. 


ESTIMATION OF DELIVERABILITY 


After a gas reservoir has been discovered and before 
the wells are connected to a pipeline, the correct 
estimation of the change in delivery capacity with time 
caused by unsteady-state effects for the wells is essential 
to the determination of the number of wells required 
for a given obligation to deliver gas. Actual determina- 
tion of stabilized delivery capacity for wells in low- 
permeability reservoirs before connection to a pipeline 
can be extremely wasteful of gas. 


Since deliverability is a factor in determining the 
allowable for a well in several gas fields, it is often 
necessary to estimate the deliverability of a well before 
incurring the expense of connecting the well to a pipe- 
line. Deliverability, as usually defined by state regulatory 
bodies, is the daily rate of flow which would exist at the 
end of a 72-hour flow period, following a 72-hour shut- 
in period, if the well at that time were producing 
against a pipeline pressure equal to the deliverability 
standard pressure. 


In deliverability tests it usually is necessary to con- 
vert the test rate of flow to the deliverability at 72 
hours with a formula established by the regulatory body 
in which deliverability is related to the test rate, the 
shut-in pressure, working pressure, the deliverability 
standard pressure and the exponent in the back-pressure 
curve. In each case the exponent is given by the rules 
of the regulatory body. 


If a three- or six-hour, three-point isochronal test is 
run on the well, the Y,,, function and the completion 
factor can then be calculated for the well by means of 
Eq. 12. A working pressure at 72 hours can be calcu- 
lated from the experimental data taken over a short 
period of time by means of Eq. 12 or, more simply, by 
extrapolation of the relationship between [1 — (P,,/P.)’] 
and the logarithm of time to 72 hours. The estimated 
working pressure and the rate of flow can be used to 
compute a deliverability at 72 hours. 


A working pressure at stabilization can be calculated 
from short-time test data by means of Eqs. 12 and 10. 
Appropriate test data—permeability, porosity and vis- 
cosity—are substituted into Eq. 12 and the value of 
{In 1/r,, + S + Y,,)] is determined since all the other 
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terms in Eq. 12 are known. This value can be substi- 
tuted into Eq. 10. If thé radius of drainage can be 


estimated and if (Q0) is small with respect to 1.0, a 
value of (P.,/P,) can be calculated for the constant 
rate of flow at stabilization. If desired, this “perform- 
ance point” can be used with the definition of deliver- 
ability to calculate a stabilized deliverability for the well. 


In connection with the estimation of deliverability, it 
is interesting to note that the relationship between the 
Y2-, 3- and 72-hour isochronal-performance curves can 
be derived (see Appendix A) for wells in reservoirs 
with low permeability from Eq. 12. This relationship, 
as an approximation, is 

[P,’ Py [P,’ P.’sny] 

The symbols in Eq. 13 have been changed to con- 
form with those used by Cullender™ for the isochronal 
tests, and the subscripts in parentheses have been added 
to indicate times at which the pressures were taken. 
The relationship in Eq. 13 has been compared with the 
actual performance of 509 gas wells in the Guymon 


and Texas Hugoton fields, with results as shown in Col. 
2 of Table 3. 


PRESSURE BUILD-UP IN GAS WELLS 


Eq. 12 may be used to derive the pressure build-up 
relationship for gas wells by following the procedures 
used by van Everdingen” and Hurst* for oil wells. 
At time t (seconds), the difference between the squares 
of the initial pressure and the flowing pressure is 


gP 
In 
27Kh PLM w 


2 2 — 


At time At after the well has been shut in at time 17, 
the difference is 


2 GP yp t At 15 
(At) In At ( ) 
By subtracting Eq. 15 ae Eq: 2 the result is 
2 2 


where subscript At indicates the square of the pressure 


TABLE 3—AGREEMENT BETWEEN CALCULATED AND ACTUAL 72-HOUR 
PERFORMANCE FOR 509 WELLS IN THE GUYMON (OKLA.) 
AND HUGOTON (TEX.) FIELD 


Ratio of Actual Number of Wells 


to Calculated 
72-Hour Performance Col. 1 Col. 2 
More than 1.35 15 10 
1.35-1.30 3 5 
1.30-1.25 4 4 
1.25-1.20 8 5 
1.20-1.15 14 10 
1.15-1.10 36 28 
1.10-1.05 55 44 
1.05-1.00 63 48 
1.00- .95 69 61 
95- .90 61 69 
90- .85 51 56 
85- .80 40 48 
-80- .75 24 31 
Less than .75 66 90 
509 509 
Col. 1 = Number of wells having the indicated ratio of the actual per- 


formance to the 72-hour performance calculated from the one- and 
three-hour isochronal curves. 

Col. 2 = Number of wells having the indicated ratio of the actual per- 
formance to the 72-hour performance calculated from the one-half- 
and three-hour isochronal curves. 
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at the well at time Ar after the well is shut in, and 
subscript ¢ indicates the flowing pressure at the well at 
the time the well was shut in. For values of Ar that 
are small compared to t, Eq. 16 becomes 

27rKh PL 


2 
(At) 


The determination of the permeability from pressure 
build-up data requires a selection of the proper time 
variable. If At is small compared to ¢, the square of 
pressure at the sand face in the well may be plotted 
against the logarithm of At. Otherwise, the square of 
pressure must be plotted against the logarithm of either 
(t + At)/At or At/(t + At). The permeability of the 
reservoir rock out to the radius of drainage of the 
well, but not including the immediate vicinity of the 
wellbore, may be computed from the slope of the pres- 
sure build-up curve by the following. 


P 
K = 248.78 os (18) 
or 
K = 1.632 a (19) 


Common gas-engineering units, which are given in the 
Nomenclature, are used in Eq. 19. 

As both Y,,, and the completion factor are involved 
in pressure build-up Eqs. 14, 16 and 17, any determina- 
tion of the completion factor or skin effect for a gas 
well requires pressure build-up data for at least two 
tests starting with different rates of flow before the 
well is shut in. Theory indicates that data on perme- 
ability, completion factor and Y,,) from pressure build- 
up tests should be identical with those from pressure 
drawdown tests. 


CONCLUSIONS AND SUMMARY 


i. The expansion of published theory on the flow of 
gas to include a Y,,, term bridges the gap between 
the theory of unsteady-state flow of gas and actual 
gas-well behavior. 

2. The Y,,, term apparently is a function only of 
rate of flow for a given well. 

3. The completion factor or skin effect for a gas well 
is associated with the Y,,, function in such a manner 
that at least two or more sets of drawdown or pressure 
build-up tests are needed to separate completion factor 
and the Y,,) function. These tests must be conducted 
at different rates of flow. 

4. The exponent of the back-pressure curve for a 
gas well is related to the Y,,, function. 

5. Techniques and equations are presented which 
permit the estimation of stabilized and short-time de- 
liverabilities. 
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NOMENCLATURE* 


C = coefficient in back-pressure 
equation 


*In general, units used in this report are those of the darcy, but 
in Eqs. 8, 18, and 19 units are those used in natural-gas engineer- 
ing. In several equations, pressures appear as a ratio permitting 
the use of pressure in psia, 


1156 
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P, = 
P, = 


T= 


In = 


SUBSCRIPTS 
3h, 72h (Eq.13) = 


elective formation thickness, 
cm 


effective formation thickness, 
ft 


= permeability, darcy 


slope of drawdown curve, units 
of [1 — 


slope of pressure build-up 
curve, units of P’ (psia’) /cycle 


exponent in back-pressure 
equation 


= pressure within reservoir, atm 


standard pressure base, atm 


stabilized shut-in pressure at 
the sand face, psia, in Eqs. 8 
and 13 


flowing pressure at the sand 
face, psia, in Eqs. 8 and 13 


pressure at stabilized shut-in 
conditions in the reservoir, atm 


pressure at the well in the 


reservoir, atm (P,, varies with 
time) 


= function defined by van Ever- 


dingen and Hurst” 


production rate into well, 
standard cc/sec at reservoir 
temperature 


production rate, Mcf/24 hours 
(14.65 psia and 60°F) 


aP, Kh 
rate ratio for gas 


= dimensionless flow- 


= reservoir radius, cm 


well radius, cm 


= effective radius of the well, cm 
= completion factor or skin ef- 


fect, dimensionless (van Ever- 
dingen and Hurst skin effect) 


= time, seconds 
= reservoir temperature, °F abso- 


lute 


= function related to rate of flow 


viscosity, cp 

effective porosity, fraction 
(available for containing gas) 
ratio for gas referred to well 
radius 


= dimensionless time 


r 


2 
r 
= dimensionless 
time ratio for gas referred to 
reservoir radius 
natural logarithm 


sand-face pressures at the well 
for times of %, 3 and 72 
hours, respectively. 
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APPENDIX A 


RELATIONSHIP BETWEEN ISOCHRONAL- 
PERFORMANCE CURVES 


The position of the 72-hour isochronal-performance 


curve may be calculated from the one-half- and the 
three-hour curves by means of Eq. 13 in the text. The 
general equation derived as follows is more useful be- 
cause it permits the calculation of any isochronal- 
performance curve when the positions of two curves 
are known. 


+ 0.809) +S+Y,.) = 


where 


2 {1 
Q 


(12) 
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and 


— 2qP 
by Jetting 
so KP, exp 2S exp 0.809 exp 2Y,,, 
the result for 1, is 


Q 
If aS tz < t, by substituting ¢, into Eq. 20 and sub- 
tracting Eq. 20 from the result, the relationship is 


Q 


If the equivalent relationship for ¢, and t, is divided by 
Eq. 21, the general relationship between isochronal 
curves is found for a constant rate of flow to be 


or 

where time is any convenient unit and pressures are 
pounds per square inch absolute. Eq. 22 is the general 
form of Eq. 13 in the text, and it gives the relationship 
between isochronal-performance curves for a well be- 
fore stabilization. 


14 In = 


(22) 


Eq. 22 has been checked against the actual perform- 
ance of 509 gas wells in the Guymon (Okla.) and 
Hugoton (Tex.) gas field. The results are given in 
Table 3 where Col. 1 is the number of wells having 
the indicated ratio of the actual performance to the 
72-hour performance calculated from the one- and 
three-hour isochronal curves. Col. 2 is the number of 
wells having the indicated ratio calculated from the 
one-half- and three-hour isochronal curves. Where the 
ratio of the actual to the calculated performance is 
more than 1.00, the distribution of errors according to 
the number of wells is considered normal. At ratios less 
than 1.00, however, there are too many wells for the 
distribution to be normal. Changes in permeability of 
the reservoir rock away from the well would cause 
variations on either side of a ratio of 1.00, but water 
entry into the well after the test was started would 
damage the performance of the well. 

Many of the 509 wells on which this performance 
study was made are subject to water problems. Actually, 
the performance ratio given in Table 3 has been used, 
along with other information, to decide whether or not 
the performance of a well could be improved by the 
installation of tubing or other equipment to remove 
water from the well. This is believed to be one of the 
more important applications of Eq. 22. 


APPENDIX B 


RELATIONSHIP BETWEEN PERFORMANCE 
COEFFICIENTS AT VARIOUS TIMES 
BEFORE STABILIZATION 


At a constant rate of flow Q, the following relation- 
ships hold for isochronal back-pressure curves for a 


gas well. 
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By substituting thse expressions into Eq. 22, the result 
is the following relationship for performance coefficients 
which applies before the well reaches stabilization. 


log t/t, — 


log 7 (23) 


APPENDIX C 


DEVELOPMENT OF EQS. 2 AND 3 


Aronofsky and Jenkins’ have defined a quantity, 
In (r./r..), which represents a type of correlative func- 
tion. It was related to the steady-state formula for radial 
gas flow by their Eq. 2, which is 


KhPT(P.\) (Po \' 
in = ( =") (2) 
( ) qP yu ( ( ) 
where P, = bulk average pressure in reservoir, atm. 


Aronofsky and Jenkins’ stated that the effective drain- 
age radius r; must be allowed to take on any value re- 
quired to force the steady-state portion of Eq. 24 to 
represent the transient solution. 


Since 
= 
Eq. 24 may be rewritten as follows. 


and P, =P) (1 


2 


The effective radius of drainage for a liquid system has 
been given in Eq. 8 of Aronofsky and Jenkins,* in terms 
of the van Everdingen and Hurst” P,,, function, as 


In = 27 . . . (26) 
Since 


9 = lre/r.)*, 


Eq. 26 may be rewritten as 
In = — 46 . . . . . (27) 


The numerical solutions of Eq. 1 published by Bruce, 
Peaceman, Rachford and Rice’ may be substituted into 
Eq. 25 to calculate values of In (r,/r..) for various 
values of dimensionless time § and various rates of gas 
flow Q. Also, values of In (r,/r..) for liquid systems 
may be calculated from Eq. 26 and values of P,,) 
function given by van Everdingen and Hurst.” 

After a study of the numerical solutions for Eq. 1 
published by Bruce, Peaceman, Rachford and Rice," 
Aronofsky and Jenkins concluded the following. 

1. The numerical solutions of gas flow for various 
rates almost coincide with the solution for transient 
liquid flow in a radial system. 

2. The quantity In (r./r,,) represents a type of corre- 
lation function that correlates well pressure P, and 
time @ for both transient gas flow and transient liquid 
flow for all constant-rate uses studied up to a maximum 
gas rate 0 of at least 0.5. It appears that this correla- 
tion is reasonably good over the entire time range for 
(r,/rw) = 200 and that a similar correlation can be 
made for any other reservoir radius where r, is much 
larger than r,,. 


*Symbols have been changed to agree with those in the nomencla- 
ture. 
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ABLE 4—THE WAN EVERDINGEN AND HURST F ... FUNCTION (REF. 11) 


0.01 10 1.651 
1 15 1.829 
2 20 1.960 
5 25 2.067 

1.0 30 2.147 

2.0 40 2.282 

3.0 50 2.388 

4.0 60 2.476 

5.0 80 2.615 

7.0 100 > 722 

7.0 100 2.723 

For rT > 100 
= + 0.809) 


Fer t Extremely Large 


Values of P.., taken from the tabulation and com- 
puted from the equations in Table 4 were used to 
determine a series of values of In (r2/r..) for (r:/r.) = 
200. These values of In (r./r..) are represented by the 
solid line of Fig. 8. Data presented by Bruce, Peace- 
man, Rachford and Rice* were substituted into Eq. 25 
to calculate corresponding values of In (7./r.) for 
radial gas flow at rates of 0.5 and 0.005 for O. These 
values of In (7:/r.) for gas flow are represented on 
Fig. 8 by the plotted points. For rates of flow between 
0.5 and 0.005. see Fig. 4 of Ref. 1. An examination of 
Fig. 8 in this paper and Fig. 4 of Ref. 1 shows that 
the numerical solutions for gas flow almost coincide 
with the solution for transient liquid flow in a radial 
system. In this connection, Kidder™ states that the nu- 
merous worked examples of heat-conduction problems 
become immediately applicable as approximate solutions 
to the corresponding problems in the flow of gases in 
porous media. Therefore, an approximate equation for 
transient gas flow in a radial system may be obtained 


3 
SX SOLUTION 
= Seaces 3 
A 
e 


Fic. 9—Errecrive Rapivs oF Drarvacs anp Tine 
For Gas anp Liguip Systems. 
by eliminating the quantity In (r./r.) between Eq. 25 
and Eq. 27. The result is 


gg — 21 — — (P./P) 


| 


which is Eq. 2 in the text. 
According to Aronofsky and Jenkins,’ Eq. 25 be- 
comes 


oO 
P./P, = — 06)* — 


28) 


(28 
when 6 is larger than 0.3 and when the effective radius 
of drainage has become stabilized at approximately 
0.472 r.. Eq. 28 may be re-arranged to become 


— 06)? — (P../P.)° 
which is Eq. 3 in the text. are 
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Large-Scale Laboratory Investigation of 
Sand Consolidation Techniques 


ABSTRACT 


Large-scale sand consolidation 
tests were conducted in an effort to 
determine the reasons for the suc- 
cesses and failures of this method of 
sand control. Several different con- 
solidating materials were used in 
treating both clean and bentonitic 
sands that were packed in a chamber 
having a capacity of 3.3 cu ft. The 
results were essentially the same for 
all of the different consolidating ma- 
terials. The data show that low-vis- 
cosity consolidating materials 
pumped at a relatively slow rate 
gave the best results. 

Where the formation has produced 
sand, the treating fluids can com- 
press the formation, thus permitting 
the channeling of fluids to another 
horizon. Pressure-packing these 
zones before attempting to consoli- 
date is recommended. Sands contain- 
ing more than 4 per cent of water- 
swelling clays are not good candi- 
dates for consolidation. It is indicat- 
ed that loose sand, particularly when 
it is bentonitic, can be fractured dur- 
ing the placement of the treating 
fluids. 


INTRODUCTION 


Sand production in oil and gas 
wells has plagued the industry for 
many years, and numerous cures 
for this problem have been suggest- 
ed. Most methods have been suc- 
cessful to a certain degree, but the 
great variety of well conditions that 
exist in the different areas has magni- 
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fied the problem and limited the suc- 
cessful use of the various systems. 
Four review papers’* present a 
wealth of information concerning the 
degrees of success that have been 
obtained by the different sand-con- 
trol methods. The bridging of sand 
grains by the use of gravel packs 
and screens has been quite success- 
ful. However, these methods do not 
leave the casing clear for all types 
of multiple completions, and the 
cure does not last for the production 
life of the well in some instances. 


The control of loose sands by sand 
consolidation with resins has never 
been as successful as desired. It has 
always been hoped that such a treat- 
ment would eliminate all sand prob- 
lems for the life of the well, but ini- 
tial applications, starting in the mid- 
dle 1940's, were only moderately 
successful. Lott, et al,’ reported a 
success ratio of approximately 50 
per cent and made the following con- 
clusions. 

The highest percentage of 
successes were obtained 
where: 

a. Consolidation of a zone 
was made at the time of 
initial completion or prior to 
the production of sand. 

b. The interval treated 
was less than 12 ft in length. 

i. Between 30 and 50 gal 
plastic/ft of producing inter- 
val was displaced through 
the perforations. 


REASONS FOR SAND 
CONSOLIDATION FAILURES 


Our own experiences in the field 
of sand consolidation point toward 
the following conditions as the major 
reasons for the failure of sand con- 
solidation attempts. 

1. Mud-plugged perforations and 
mud invasion of the formation. 


1References given at end of paper. 


THE HALLIBURTGN CO. 


2. Sand in the casing covering all 
or part of the perforations. This sand 
could be either formation sand or 
one of the coarser sands used as 
propping agents in hydraulic fractur- 
ing. 

3. Holes in the casing. 

4. Channels behind the casing. 


5. Attempting to treat too long 
a perforated section. 


6. Too high a percentage of water- 
swelling clays in the formation. 


7. Formations that have produced 
sand. 


Recent attempts were made to 
treat perforated sections ranging 
from 10 to 30 ft, in wells that have 
produced sand, by using a straddle 
packer that was raised and lowered 
through the perforations as the con- 
solidating material was being 
pumped. Ii most instances, the pres- 
sure required to pump fluid into the 
formation varied considerably as the 
tool was raised and lowered. This 
suggested the possibility that signi- 
ficant differences in permeability 
were present or that only part of the 
formation had produced sand. 


There were times when a sudden 
break in pressure indicated that a 
fracture was being formed. Research 
conducted several years ago concern- 
ing the problem of the control of 
water in air and gas drilling indicat- 
ed that shale sections could be frac- 
tured quite easily. In addition, it 
was determined that it was easier 
to pump fluids into shale bodies by 
fracturing the shale itself, or the in- 
terface between the shale and sand, 
than to pump into a fluid-saturated 
formation. Formations that produce 
sand are usually adjacent to shale 
bodies and frequently have shale 
streaks of various thicknesses inter- 
bedded in the sand. Therefore, where 
shale is exposed to fluid pressure it 


DECEMBER, 1961 


This page of Petrolewm Transactions, AIME follows page 1159. The interven- 1221 
ing non-Transactions pages appeared in Journal of Petroleum Technology. 


is reasonable to assume that the con- 
solidating material can enter the 
shale instead of the sand horizon. We 
can now add to our list an eighth 
possible reason for sand consolida- 
tion failures. 


8. Perforating into shale bodies. 

Knowing the reason for a failure 
is important, but it is more impor- 
tant to be able to do something about 
it. Some of the listed troubles can 
be alleviated if the well owner will 
more carefully complete and prepare 
the well for treatment. An analysis 
of a representative formation sample 
is helpful in determining if the sand 
can be treated. The presence of 
water-swelling clays, such as mont- 
morillonite and illite, have a tremen- 
dous influence on the retained per- 
meability after consolidating. Signi- 
ficant quantities of these clays can 
cause very low permeabilities or 
even plugging as the result of the 
sand consolidation attempt. 


TEST METHODS 


Laboratory methods of testing 
sand consolidating systems have been 
quite varied. Most methods have 
been confined to small samples in 
tubes that are usually less than 2 in. 
in diameter and 6-in. long. Materials 
and/or treating techniques can be 
partially screened by these small- 
scale systems, but many questions 
concerning field applications still are 
left unanswered. 


In an effort to gain further insight 
in the field of sand consolidation, we 
decided to greatly enlarge the size 
of the testing equipment. We par- 
ticularly wished to obtain knowledge 
of what takes place in the formation 
adjacent to the perforation as the 
treating fluids are being injected. It 
is at this point that a hard and 
permeable consolidation must be ob- 
tained for the treatment to be a 
success. 


We also hoped that the work 
would lead to a better understand- 
ing of the reasons for the successes 
and failures of past applications, and 
to suggestions for improving the 
techniques of placing the consolidat- 
ing materials. The purpose of this 
paper is to present the findings of 
such an investigation. 


LARGE-SCALE 
TEST EQUIPMENT 


The equipment designed for this 
research project is much larger than 
that ordinarily used in sand consoli- 
dation testing. 
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Several separate phases were in- 
vestigated in the 91 tests conducted 
with this equipment and it was de- 
termined that most of these phases 
and the effects that they caused are 
interdependent. The major phases in- 
cluded the viscosity of the consoli- 
dating materials, the fluid injection 
rates, the amount of oil used to dis- 
place the consolidating materials and 
the effects of these materials in fine, 
coarse and hentonitic sands. Both 
one- and two-stage treatments were 
performed using one and two per- 
forations. 


The interpretation of the results 
obtained in this research is based 
on physical data and the appearance 
of the consolidations. Pictures were 
made of almost every trial, and sey- 
eral of these illustrations are included 
in this discussion. However, many 
observations that were difficult to 
record in notes and pictures frequent- 
ly exerted an influence on many of 
the conclusions noted in this paper. 


Fig. 1 is a picture’ of the’ test 
equipment. The tanks on the left 
were used to hold the treating solu- 
tions. A variable-speed 3-hp motor 
was used to power a pump that was 
capable of developing 200-psi pres- 
sure. Maximum flow rates of 11 gal/ 
min were obtained in some tests. 
The test chamber on the right of the 
illustration was made of 10-gauge 
steel on the sides and 4%-in. steel on 
the top and bottom. Reinforcing ribs 
were placed at the top for added 
strength. Fig. 2 shows the chamber’s 
dimensions and its capacity. The per- 
foration is 2 in. in diameter and 
was made in a section of 7-in. casing 
with a jet charge. The two-perfora- 
tion system, where two 1%4-in. bush- 
ings were used as outlets, is shown 
in Fig. 3. A divider was used here 
to confine the treating chemicals to 
the side of the chamber they entered. 


MATERIALS USED 


The clean sand used as the basic 
sand in these tests had the following 
sieve analysis. 


Cumulative 


U.S. Per Cent 
Sieve No Retained 
40. 0.1 
42.7) 
73.31 
140 88.81 
200 - 98.60 
Pan -100.00 


In some trials, this sand was mixed 
with an untreated drilling-mud ben- 
tonite to simulate a bentonitic forma- 


Fic. 1—Larce-ScaLe Equipment Usep IN 
TresTs—CHEMICAL STORAGE TANKS 
SHowN on AND TEST 
CHAMBER ON RICHT. 


tion sand. The clean sand normally 
was packed using fresh water, but 
a synthetic brine was employed when 
bentonite was added to the sand. 
The brine had the following analysis: 
specific gravity at 67° F, 1.049; pH, 
6.5; total dissolved solids, 72,700 
ppm; calcium, 1,400 ppm; magnes- 
ium, 100 ppm; chloride, 44,000 ppm; 
sulfate, 200 ppm; bicarbonate, 100 
ppm; and iron, 30 ppm. 

In other trials, the clean sand 
(usually referred to as fine sand) 
was mixed in equal weights with 40- 
60 Ottawa sand to form what we 
called coarse sand. 


Three basic consolidating systems 
were investigated in these tests. An 
inorganic consolidating agent, two 
different phenolic resins and a urea 
resin were tested. A great deal of 
comparative work was done, and 
essentially the same results were ob- 
tained with all consolidating systems. 
All of these methods are identical in 
one essential phase; i.e., the consoli- 
dating material is placed in the sand 
and then over-displaced with a spec- 
ified volume of oil to develop an 
effective permeability in the consoli- 
dation. 


A majority of the research used 
the inorganic binder and one of the 
phenolic resin systems. The inorganic 
binder proved to be uniquely valu- 
able in that it caused the sand to be 


» consolidated within a few seconds 


after it entered the test chamber. 
Any condition of sand-body defor- 
mation or fracturing was literally 
‘frozen” in place by this type of 
treatment, which thus permitted us 
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to observe the actual condition of 
the sand while it was being treated. 


Unless otherwise stated, the in- 
organic binder is the system report- 
ed in this paper. The phenolic and 
urea resins required several hours 
to harden, whereas any sand-body 
deformation cause by fluid injection 
had usually returned to its original 
condition by this time. 

The excess sand was washed away 
with water to reveal the consolidated 
pattern. The consolidation then was 
examined for visual effects, a proce- 
dure which included splitting it in 
two sections. In most cases, portions 
of the consoliation were removed 
and used to determine air permea- 
bilities and compressive strengths. 
Fig. 4 shows the standard points or 
stations from which these portions 
were taken. 

Views A, B and C of Fig. 5 pic- 
ture a consolidation using one per- 
foration. Fig. 5(A) shows the con- 
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solidation in the chamber, looking 
from the bottom of the consolidation 
directly toward the perforation. Fig. 
5(B) is a side view of the consolida- 
tion, and Fig. 5(C) is a cross-sec- 
tion view after the consolidation was 
split in half. 


TREATING PROCEDURE 


The following treating procedure, 
which closely approaches a typical 
field application, was observed. 

1. The sand was packed in the 
chamber. The permeability of the 
unconsolidated sand usually varied 
between 9.5 to 10.5 darcies. 

2. A S-gal diesel oil preflush was 
used for most of the tests, but the 


volume was varied between 2.5 to 
25 gal. A water-wetting, emulsion- 
breaking surfactant was used in the 
oil in most of the trials. 


3. The consolidating material was 
pumped, with 1 gal of consolidating 
material being used for most of the 
tests. Where a two-stage treatment 
was planned, this volume was re- 
duced to 0.5 gal for each stage. 


4. Where necessary, a setting 
chemical was pumped to harden the 
consolidating material. 


Where the phenolic resin systems 
were used, the chamber and its con- 
tents were preheated to the desired 
testing temperature, usually 120° to 
130°F. The treating solutions were 
maintained at atmospheric tempera- 
ture when pumped into the chamber. 
After treatment, the outlets were 
plugged and the entire chamber was 
placed in a thermostatically con- 
trolled water bath until the resin was 
properly cured. 


VISCOSITY OF THE 
CONSOLIDATING MATERIAL 


Table 1 lists data using two basic 
fluid-injection rates. In all cases, 1 
gal of consolidating material was 
used and this was displaced with 5 
gal of diesel oil. The Table 1 data, 
plus many other observations, point 
to certain conclusions. 


There was always more permea- 
bility below the perforation (Station 
2) than at the sides of the consoli- 
dation. This is logical because the 5 
gal of displacing oil would have a 
tendency to flow from the perfora- 
tion to the outlets. Therefore, any 
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mechanical-washing action of the oil 
in removing the consolidating mater- 
ial from the sand grains would be 
more pronounced at this point. 


Generally speaking, the retained 
permeability increased and the com- 
pressive strength of the consolida- 
tion decreased as viscosity decreased. 
Increasing the velocity of the dis- 
placing oil showed a greater tendency 
to remove the consolidating material 
from the sand grains. 

A high-viscosity consolidating ma- 
terial caused fracturing of the sand 
at high injection rates. This was 
particularly true for low-permeability 
sands and for those that contain ben- 
tonite. Here, the displacing oil fre- 
quently broke through and formed 
channels instead of evenly displacing 
the consolidating material. This ef- 
fect is shown in Fig. 6 where a high- 
viscosity consolidating material was 
used; several void or unconsolidated 
areas are easily detected. The net 
result would be a very poor or in- 
adequate consolidation near the per- 
foration, with the well producing 
sand either immediately or shortly 
after treatment. Fig. 6 is quite dif- 
ferent from the consolidation ob- 
tained in Fig. 5 where a low-viscosity 
consolidating material was used. 


Additional work with a phenolic 
resin having a viscosity of 6 to 11 
cp confirmed the afore-mentioned 
findings. Penetration of the resin in- 
to the sand was excellent, but the 
resin showed a greater tendency to 
be removed from the sand by the 
displacing oil. 

The ideal viscosity for the con- 
solidating material appears to be a 
compromise. A low-viscosity fluid is 
desirable for obtaining good penetra- 
tion of the sand, to minimize chan- 
neling and for optimum permea- 
bility retention. When a low-viscosity 
consolidating material was used, we 
found the average permeability re- 
tention to be approximately 60 per 
cent at Station 2 and approximately 
35 per cent at Station 1. However, 
the very low-viscosity materials 
showed a greater tendency to be 
completely removed from the sand 
grains by the displacing oil. 

The ideal consolidating material 
would have a viscosity of approxi- 


Fic. 6—Conso.ipaTION Ostainep Usinc 
A Hicu-Viscosiry Ma- 
TERIAL. COMPARE WITH Fic. 5 For Size 
oF ConsoLIDATION, AND Note THE MAny 
ArEAS WuHerE No CONSOLIDATION 
Was OBTAINED. 


the ability to stick very tightly to 
the sand grains during the oil-dis- 
placing step. Recent research has in- 
dicated that such a condition is be- 
ing approached—where a 6- to 11-cp 
resin can be made to adhere quite 
effectively to the sand grains by first 
wetting the grains with a specific 
chemical. However, until this new 
procedure is proved under a variety 
of field conditions, it is felt that a 
viscosity of 6 to 25 cp at the forma- 
tion treating temperature is optimum 
for the various consolidating ma- 
terials. 


INJECTION RATE 


The exact injection rate of the 
treating chemicals, in gallons per 
perforation per minute, is difficult 
to determine in a field application. 
An average rate can be calculated 
quickly but many feel that all per- 
forations do not accept fluids at the 
same rate. 


In this work, it was quite easy to 
treat the sand at different injection 
rates and to observe the results. 
Table 2 reports such a study. In each 
trial, we used the fine sand, 1 gal of 
consolidating material having a vis- 
cosity of 20 to 26 cp and 5 gal of 
displacing oil. The injection rates 
are expressed in gallons per perfora- 
tion per minute. 


It is interesting to note that the 
volume of consolidation and the re- 
tained permeability of the sand do 
not materially increase at injection 
rates above 2.2 gal/perforation/min. 


mately 1 cp and would exhibit However, the strength of the consoli- 
TABLE 1 

Viscosity of ve Compressive Volume of 

Consolidating Injection Rate Permeability (md) Strength (psi) Consolidation 

Material (cp) (gal/min) Station 1 Station 2 Station 1 Station 2 {cu ft) 
20-26 0.7 434) 520 340 1.02 
60-70 0.5 2256 3003 1080 840 0.85 
20-26 3.76 3641 6228 540 400 1.38 
33-39 3.75 3629 4999 600 350 1.28 
60-70 3.5 4142 5098 490 380 1.26 
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dation below the perforation was not 
as good at the higher injection rates. 


There is a notation in Table 2 
concerning “cavity area”. Fig. 5(C) 
clearly shows a cavity immediately 
below the perforation. This is not a 
washed-out or unconsolidated area; 
rather, it is a void space formed by 
the compression or packing of the 
entire sand body. Every effort was 
made to pack the sand the same for 
every trial, but it was not always 
possible to accomplish this effect. 
Therefore, some variation in the 
tightness of the sand pack and in the 
size of the cavity development is to 
be expected. However, we believe 
that the size of the cavity, and the 
new area so exposed, is somewhat 
proportional to the injection rate. 


Table 3 follows the work reported 
in Table 2, but the sand contained 
2 per cent bentonite. All other con- 
ditions were identical. 


The volume of the consolidation 
and the cavity beneath the perfora- 
tion increased rapidly as the injec- 
tion rate increased. At the highest 
injection rate, there was no consoli- 
dation within 4 in. of the cavity and 
none of the consolidation was in 
contact with any part of the inlet 
pipe. Under such conditions, the 
perforation would produce sand in a 
well. Fig. 7 is a picture of the con- 
solidation obtained with the 5-gal/ 
min injection rate. 


In the fine sand, the higher injec- 
tion rates tended to move the consoli- 
dation out farther from the perfora- 
tion in the same direction as the 
flow of fluids. The lower injection 
rates gave patterns that had more 
consolidation above and around the 
pipe, thus providing good control of 
the sand at and around the perfora- 
tion. These effects were more notice- 
able for the sands containing 2- and 
4-per cent bentonite. Channeling and 
by-passing were also more evident in 
the bentonitic sands, particularly at 
the 4-per cent bentonite concentra- 
tion at the higher injection rates. 


Fig. 8 illustrates a phenomenon 
that has been noticed several times. 
In this case, sand leaked out of the 
chamber during the diesel-oil pre- 
flush and reduced the tightness of the 
sand pack. The phenolic resin (9-cp 
viscosity) was pumped at the rate 
of 3.5 gal/min, and the direction of 
the main flow of fluids can be easily 
detected. This picture of the consoli- 
dation (Fig. 8), after it was split in 
half, shows a cavity plus a round 
section of weakly consolidated sand 
in the left side of the right section. 
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TABLE 2—FLOW-RATE STUDY USING FINE SAND 


Cavity Area 
Heide Volume of Station 2 Belew Condition of 
Injection Rate Consolidation Station 2 Cempressive Perforation Set Below 
(gal/perf./min) (cu ft) Perm. (md) Strength (psi) (sq in.) Perforation 
0.7 1.02 4162 520 Nil Good 
1.34 6516 415 7 Geed 
6.0 1.37 6878 320 38.5 Poor for 2 in. 
7.2 1.40 6531 320 19.7 Poor for 3 in. 


TABLE 3—FLOW-RATE STUDY IN SAND CONTAINING 2 PER CENT BENTONITE 


Cavity Area 
Ne Volume of Station 2 Belew Condition of 
‘Injection Rate Consolidation Station 2 Compressive Perforation Set Below 
(gal/perf./min) (cu ft) Perm. (md) Strength (psi) (sq in.) \Perforation 
0.52 0.75 949 725 None Good 
1.25 1.28 1428 610 7.1 Fair 
5.00 1.64 Not Deter. x 78.5 Not set for 


in. 


*Not determined, but the set was good in the main body of the consolidation. 


We believe that the sand here was 
fluidized by the treating fluids as they 
flowed into the chamber from the 
perforation. The sand _ remained 
fluidized during the 5-gal diesel-oil 
afterflush and then settled into place 
after injection was stopped. The 
same effect has been noticed in a 
tight sand pack at an injection rate 
of 4.75 gal/min. 


It is our belief that a high injec- 
tion rate has little value, and the 
previous discussion suggests several 
drawbacks to the high rate. It is dif- 
ficult to suggest an optimum injec- 
tion rate for field applications be- 
cause all we base it on is an average 
rate for the number of perforations 
believed to be accepting fluid. 


Since most sanding formations 
contain some water-swelling clays, 
we feel that the injection rate should 
be held as low as possible. For most 
wells, the range of 0.5 to 1.5 gal/ 
min/perforation is believed to be an 
optimum rate and has proven to be 
quite successful in a number of field 
applications. Such a recommenda- 
tion creates a problem in treating 
1- to 2-ft sections where a pump 
rate of 2 to 12 gal/min may not be 
possible under some well conditions. 


BU BER 


ContTaIninc 2 Per Cent BENTONITE AT 
Ingection Rate or 5 Gat/Min—No 
CONSOLIDATION AT OR AROUND 
PERFORATION. 
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However, conditions have existed 
where one to three perforations have 
been treated successfully in newly 
perforated formations using the 6- 
to 9-cp consohidating material. A 
total injection rate approaching 20 
gal/min was used. These successes 
emphasize the importance of using a 
low-viscosity consolidating material 
and treating the formation before it 
has produced sand. 


DISPLACEMENT OIL PUMPED 
AFTER THE CONSOLIDATING 
MATERIAL 


The displacement oil plays a major 
role in the development of permea- 
bility in a resin-treated formation. 
Table 4 shows the effect of the vol- 
ume of oil pumped after the consoli- 
dating material through one perfora- 
tion. For all of the trials, 1 gal of 
consolidating material (20- to 26-cp 
viscosity) was pumped at an average 
rate of 5 gal/min into the fine sand. 


It is quite obvious that the larger 
volumes of oil washed all of the 
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TABLE 4—VARYING VOLUME OF 
DISPLACEMENT OIL 


Displ. Oil Consol. Consol. 
Vol. Stot. 2 ol. Cond. 
(gal) Perm. (md) (cu ft) Below Perf. 
2:5 4301 0.93 Hard 
5 5064 137 Good 
15 6228 1.38 Not set 

for 1 in. 
25 5464* 1.40 Not set 
for 41/2 in. 


*Taken at side of Station 2 because the sand 
was not consolidated at that point. 


consolidating material from the sand 
grains adjacent to the perforation. 
Fig. 9, the test where 15 gal of dis- 
placing oil was used, illustrates this 
effect. This actually may be an ad- 
vantage if a good consolidation is 
obtained around the casing at the 
perforation. The unconsolidated sand 
would be removed with the first fluid 
production from the formation, leay- 
ing a void space behind the casing to 
provide a larger drainage area. Many 
successfully consolidated formations 
have produced relatively small 
amounts of sand immediately after 
treatment, and this could be the 
source of that sand. However, if the 
well is treated at a high injection rate 
and/or with a high-viscosity fluid, in 
addition to a large volume of dis- 
placing oil, there is a good possibility 
that no consolidation will be ob- 
tained at or near the perforation and 
casing. 

A 5-gal overflush of oil per per- 
foration appears to be satisfactory. 
In field applications, we must as- 
sume that the flow of fluids into the 
perforations will not be equal, and 
there is a good possibility that too 
much oil will enter some of the per- 
forations. Improved field results have 
been obtained where the volume of 
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displacing oil has been held in the 
range of 2 to 4 gal/perforation. The 
results were not as good as desired 
even then, however, and two-stage 
treatments have been used sucessful- 
ly in an effort to consolidate behind 
every perforation. 

Laboratory research and many 
large-scale trials indicate that a new 
method of placement may alleviate 
some of the problems encountered 
in the displacement of the consoli- 
dating material. A dispersion is made 
of the consolidating material in oil. 
As the dispersion is pumped into 
the formation, alternate slugs of con- 
solidating material and oil enter the 
flow channels. This provides a con- 
tinuous placement-and-displacement 
process that should minimize the ef- 
fect of mechanically washing consoli- 
dating material from the sand grains 
by the displacing oil. 


CAVITY DEVELOPMENT 


It has been mentioned previously 
that the entire sand body can be 
compressed and deformed as fluids 
are pumped into the formation. This 
would be particularly true where the 
formation has produced sand. Fig. 
5(C) shows a definite cavity, and 
Tables 2 and 3 mention this cavity 
development. Several tests were per- 
formed in an effort to determine how 
the cavities were formed. This work, 
along with the information in Tables 
2 and 3, shows that the higher pump 
rates contribute to the formation of 
cavities. A high-viscosity preflush oil 
or consolidating material also tends 
to form the larger cavities. 


Fig. 10 shows a consolidation ob- 
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tained using two perforations. The 
larger consolidation on the left was 
obtained in sand containing 2 per 


cent bentonite, while the one on the - 


right came from the fine sand, One 
gallon of consolidating material (20- 
to 26-cp viscosity) was used to make 
the consolidations, and it was 
pumped at a total rate of 3.6 gal/ 
min. The ratio of the two cavity 
areas is approximately 5:1, with the 
larger cavity being in the bentonitic 
sand. The volume of consolidation 
in the bentonitic sand is 76 per cent 
greater than in the fine sand. The 
larger cavity in the bentonitic sand 
provided a greater cross-sectional 
area for the flow of fluids; thus, 
more consolidating material entered 
this sand, in spite of the fact that 
its permeability was _ significantly 
lower. This run was duplicated, with 
essentially the same results being ob- 
tained. 

If the volume of consolidating 
material should be reduced to % 
gal, then the consolidation volume 
ratios will be reversed. It appears 
that most of the cavity is formed by 
the higher-viscosity consolidating ma- 
terial, and 1% gal would not be 
enough fluid to develop the cavity 
and treat the sand. Fig. 11 illustrates 
the effect of treating a formation 
that has produced a little sand; 10 lb 
of sand were omitted in the final 
packing of the test chamber, which 
then was treated with 1% gal of con- 
solidating material. The fine sand 
evidently packed faster as it devel- 
oped the larger cavity. Fig. 8 also 
illustrates cavity development when 
the sand is not packed tightly. 


The treatment of different-permea- 


bility sands using two perforations 
in the test chamber has been men- 
tioned previously. Fig. 12 illustrates 
the consolidation patterns obtained 
in coarse and fine sands. The results 
were as expected, with the coarse 
sand on the left of Fig. 12 being the 
larger consolidation. The consolida- 
tion volume ratio of the coarse sand 
to fine sand is 4.1:1. The large cavity 
in the coarse sand undoubtedly in- 
fluenced the flow of consolidating 
material to form the resulting larger 
consolidation. 

Similar sands were placed on both 
sides of the chamber in several 
trials. Where the fine sand was locat- 
ed on each side of the chamber, con- 
solidations of equal volume were 
obtained. When the sand on each 
side- contained 2 per cent bentonite, 
the consolidations were different in 
size. The volume of one consolida- 
tion was 2.4 times greater than the 
other one, and the area of the cavity 
in the larger consolidation was 2.9 
times larger than that in the smaller 
consolidation. 


Thus, cavity development greatly 
influences the distribution of treating 
fluids. However, we have not been 
able to influence the place or per- 
foration where a cavity will form. 
Once a cavity starts to develop at 
a perforation, we believe that the 
increased flow of fluid will cause the 
cavity to enlarge rather rapidly until 
that portion of the sand body cannot 
be compressed further. The greater 
area developed by the cavity as it 
grows will also be a factor in how 
large it will become. 


Theoretically, cavity development 
behind the casing could be exten- 
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cent as large as the clean fine sand. 
This ratio varies slightly for the dif- 
ferent consolidating materials, but it 
continues in the same direction. 


TWO-STAGE TREATMENTS 


Two-stage consolidation treatments 
have been used extensively in many 
field applications in an effort to con- 
solidate all parts of the formation. 
Several two-stage treatments were 
performed in the large-scale equip- 
ment using both the one- and two- 
perforation systems. Both stages used 
Y2 gal of consolidating material. In 
every case, we found that the second- 
stage fluids fractured the consolida- 
tion formed by the first-stage treat- 
ment. 


Fig. 14 shows the cavity below the 
perforation and several fractures in 
the upper part of the consolidation. 
Fig. 15 depicts a more striking re- 
sult. The general ball-type configu- 
ration of this consolidation was 
formed during the first stage; the 
protruding belt around the ball, 
which is perpendicular to the flow 
of fluids, is the consolidation formed 
by the second stage. The position of 
the fracture is quite obvious in this 
illustration. 


Fig. 16 shows the results of a 
two-stage treatment in fine sand (on 
left) and in coarse sand (right). 
Four distinct fractures can be seen 
to radiate from the cavity in the fine 
sand. In addition, the outline of the 
first-stage consolidation can be seen 
at the extremities of the lower two 
fractures. Additional consolidated 
sand at the top of the consolidation 
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was broken off during removal from 
the test chamber. 


Two fractures in the coarse sand 
produced a small band of consolidat- 
ed sand near the top of the consoli- 
dation. The permeability of all con- 
solidations were determined, particu- 
larly adjacent to the cavities. In al- 
most every instance, these permea- 
bilities were essentially the same as 
those obtained in one-stage treat- 
ments. It appears that the consolida- 
tion fractured either during the in- 
jection of oil between stages or at 
the start of the second-stage injection 
of consolidating material. 


We have always been somewhat 
concerned that permeability might 
be severely reduced as a result of 
two-stage treatments, but the findings 
here indicate that this reduction is 
not so acute as we first had feared. 
A survey of successful two-stage 
field jobs has shown that, in many 
applications, the second-stage entered 
the formation at a lower pressure 
than the first stage. We now believe 
that this pressure difference is due 
mainly to the first-stage consolida- 
tion being fractured. 


FRACTURING OF 
LOOSE SANDS 


As mentioned previously, we were 
able to fracture loose sands with high 
injection rates, particularly when the 
viscosity of the fluids was high and 
the sands were bentonitic. The addi- 
tion of colloidal material, which acts 
as a low-fluid-loss additive, to the 
fluids made it much easier to de- 
velop a fracture. A cavity was 
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formed first, and then a fracture 
occured perpendicular to the flow of 
fluids—similar to the fracture de- 
scribed in Fig. 15. Observations made 
in these tests have convinced all ob- 
servers that it is quite easy to frac- 
ture loose sand formations. 


SAND IN THE PERFORATIONS 


There were several instances where 
the fine sand became lodged in the 
perforation proper in the test cham- 
ber. This sand, although it con- 
tained no clays, limited the flow of 
fluids into the test chamber to a very 
small fraction of the normal rate. 
The chamber was vibrated briefly to 
cause this sand to settle out of the 
perforation, which immediately re- 
stored fluid flow to the normal in- 
jection rate. This flow restriction was 
not so severe when 40-60 Ottawa 
sand was present in the perforation, 
but it was still quite noticeable. In 
field applications, it is very important 
that the perforations in the casing 
and cement be clear of sand. If not, 
they will not accept an appreciable 
quantity of consolidating material 
and the perforations either will be- 
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come plugged with set consolidating 
material or they will continue to 
produce sand. One well was consoli- 
dated successfully to produce sand- 
free oil for more than two years. It 
suddenly started to produce sand, 
and at least two discs of set resin 
’%-in. in diameter and 3/16-in. thick 
were recovered with the sand. 


SUMMARY 


Sand consolidation is one of the 
most difficult chemical treatments to 
accomplish successfully in the oil- 
producing industry. The past history 
of sand consolidation has not been too 
encouraging, but the success ratio 
of this method of sand control will 
be increased if the well owner will 
more carefully prepare the wells to 
be treated. We feel that the fol- 
lowing suggestions are important to 
the proper selection, preparation and 
treatment of a well by sand consoli- 
dation. 

1. The well preferably should be 
perforated in a fluid that contains no 
solids. Perforating should be done 
from a log to avoid nonproductive 
sections, particularly shale bodies. 

2. Both the wellbore and the per- 
forations must be clean of all solid 
materials. Although this recommen- 
dation is not original, it still is a 
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very important step in any type of 
sand-control work. 

3. The chances of obtaining a suc- 
cessful consolidation are reduced ma- 
terially when the formation contains 
more than 4 per cent of water-swel- 
ling clays. 

4. Do not perforate long sections 
for sand consolidation. In most in- 
stances, 2- to 8-ft segments are pre- 
ferred. 


5. A sand consolidation treatment 
has the best chance of success in 
formations that have not produced 
any sand. 


6. Where the formation has pro- 
duced sand, it should be pressure- 
packed to a sand-out with a select- 
ed pack sand. All of the sand should 
be reversed from the casing before 
consolidation is attempted. If the for- 
mation is not pressure-packed, the 
possibility of a successful consolida- 
tion is quite low. 

7. The consolidating material 
should have a low viscosity. A vis- 
cosity of 6 to 25 cp at the time the 
fluid enters the formation is preferred. 
This relatively wide viscosity range 
is used to cover the variances in dif- 
ferent types of consolidating mater- 
ials. 


8. The consolidating material and 
all related fluids should be pumped 


at a relatively low rate. An injection 
rate of 0.5 to 1.5 gal/perforation/ 
min is believed to be optimum and 
should reduce the possibility of caus- 
ing fractures to occur. 


9. The volume of displacing oil 
following the consolidating material 
into the formation should be limited 
to 2 to 4 gal/perforation. 


A survey of our past field work 
shows that most of the sand consoli- 
dation failures occured in wells that 
did not meet a majority of these 
conditions. Where most of the con- 
ditions have been observed, the suc- 
cess ratio has been decidedly im- 
proved. If all the conditions could 
be followed, we believe that the suc- 
cess ratio of sand consolidation ap- 
plications would greatly increase. 


Complying with all of these sug- 
gestions will limit the number of 
wells that can be treated with a con- 
solidating material for sand control. 
Ultimately, however, such a limita- 
tion will prove advantageous because 
this method of sand control will be 
more effective and will not be wasted 
in wells where it has no chance of 
succeeding. 
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Characteristics of the Delaware Formation 


ABSTRACT 


The Bell Canyon member of the 
Delaware Mountain group has 
yielded quite a large number of 
fields in which completion and pro- 
duction problems have been numer- 
ous and complex. Reserves are 
difficult to estimate due to the prob- 
lem of evaluating the formation 
water saturation, and the feasibility 
of water flooding is questionable. 

Extensive laboratory investigations 
were undertaken to determine if nor- 
mally measured rock and contained 
fluids properties could account for 
many of the peculiar characteristics 
of the formation. A statistical study 
of routine core-analysis data was 
made. Capillary-pressure data were 
obtained by several techniques. 
Fresh-water and brine permeabilities 
were measured and relative perme- 
abilities of oil, water and gas were 
determined. Some qualitative wetta- 
bility tests were performed, and the 
petrography of a few thin sections 
was studied. The results of this work 
are presented, with typical or aver- 
age data shown for each test. The 
permeability -to-water characteristic 
of the Delaware was found to be 
abnormally poor. Correlations of 
laboratory and field performance 
data indicate high water saturations 
in much of the formation. Pore ge- 
ometry is highly uniform. 


INTRODUCTION 


The Delaware formation has un- 
dergone extensive exploration and 
development in the past few years. 
This has resulted in the discovery of 
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quite a number of fields—producing 
oil for the most part. A large per- 
centage of the productive wells have 
produced water along with the oil. 
Often there is no apparent pattern 
for the percentage of water cut ex- 
perienced. In several instances verti- 
cal displacments of over 200 ft have 
been established between communi- 
cating wells in which the formation 
appears to be about the same, yet 
the structurally high wells yield a 
much higher water cut than the 
lower wells. Drill-stem tests have 
contributed little to well completion 
because they nearly always show 
small amounts of water (usually 
mud filtrate), regardless of what is 
produced later in the life of the well. 
Other formation evaluation methods 
have had no more than limited suc- 
cess in indicating ultimate produc- 
tivity. Consequently, predicting the 
type of fluid productivity of Dela- 
ware wells has been very difficult. 


Hydraulic fracture treatments are 
almost universal, and unstimulated 
Delaware wells have not exhibited 
the productivity that normally would 
be expected of wells with the specific 
permeabilities encountered. Some op- 
erators have indicated that their 
Delaware wells need frequent re- 
stimulation. 


The uncertainty of reservoir water 
saturations reported for the Dela- 
ware has made difficult the task of 
evaluating oil in place in the reser- 
voirs and estimating primary re- 
covery. The unreliability of this data 
also will cause feasibility studies for 
water flooding or other secondary- 
recovery methods to be proble- 
matical. 


Several opinions have been voiced 
to explain why the Delaware per- 
forms as it does. Chronically poor 
well completions, dynamic water and 
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tilted water tables, capillary inequi- 
libria, peculiar relative permeability 
characteristics and oil-wetness are 
among the suggested reasons. The 
dual purpose of this paper is (1) to 
describe the principal rock charac- 
teristics, and (2) to present an evalu- 
ation of those characteristics so that 
approaches can be made to explain 
the irrational behavior of wells com- 
pleted in the Delaware. 


STUDY OF ROUTINE 
CORE-ANALYSIS DATA 


A Statistical study of routine core- 
analysis data has been made to re- 
late fundamental rock properties and 
characteristics of the formation to 
well productivity. For the most part, 
well production data were obtained 
from operators and augmented by 
production data from commercial 
information services. Only data 
which were available in detail and 
which were considered to be accu- 
rate were used. The core data used 
were obtained on samples from the 
perforated or open interval only 
and, thus, may not always represent 
the total productive interval in a 
well. 


All the core-analysis data included 
in this study are from the Bell 
Canyon member of the Delaware 
and were obtained by “plug-type” 
techniques, as opposed to whole-core 
or full-diameter techniques. Porosity 
values were obtained by the sum- 
mation-of-fluids technique, perme- 
ability values are air permeabilities 
corrected for slippage to an equiva- 
lent liquid permeability, and the oil 
and water contents were determined 
by means of a high-temperature 
downdraft retort. All the procedures 
used are discussed at length in Ref. 1. 


The core-analysis data were sorted 
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according to the percentage of water 
cut ia the total liquid production 
from each specific well. The assign- 
ment of symbols used for each 
water-cut group is shown in Table 
1. The curves designated by “G” 
represent formation from wells 
classified as gas wells. The represen- 
tation of data is outlined in Table 
2. The water-cut value used for a 
well was established after an initial 
well-stabilization period, usually two 
to three months. 


The data were processed with 
high-speed punched-card equipment. 
Virtually all combinations of the 
simple factors available for study 
and several mathematical combina- 
tions were plotted. Only a few of 
the plots revealed intelligible pat- 
terns. As expected, the correlations 
of water cut with subsea depth were 
unusable, even on an individual field 
basis. 


A correlation of permeability and 
porosity is shown in Fig. 1. The 
average deviation for all the water- 
cut-group curves was found to be 
about + 1.2 porosity per cent. 


All data from the perforated in- 
tervals of wells included in this 
study were used, regardless of the 
permeability. However, of the 26 
oil-producing wells studied with 
average permeability values of 5 md 
or less, only three wells were con- 
tinued on production for as long as 
six months. Thus, 5 md was taken 
to be the minimum productive per- 
meability for oil wells in this study. 
In general, the permeability of gas- 
productive intervals was found to be 
lower than that for oil-productive in- 
tervals. No attempt has been made 
to establish a lower limit of perme- 
ability for a gas-productive forma- 
tion. 

The permeability-porosity correla- 
tion is rather good. The average data 
would lead to the conclusion that a 


TABLE 1—WATER-CUT IDENTIFICATION AND 
SAMPLE DISTRIBUTION 


Per Cent No. 
Group Water Cut Samples 

0-5 596 
P 5-25 885 
Q 25-50 683 
R 50-75 A491 
S 75-90 487 
WwW Over 90 395 
G = Gas Productive 298 


TABLE 2—SAMPLE DISTRIBUTION 


Area No. Per Cent 
{County) Samples of Samples 

Lea 376 9.8 
Eddy 294 ifs 

Culberson 346 9.0 
Reeves 1,092 28.5 
Loving 1,206 31.4 
Ward 521 13.6 
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porosity cut-off point for the Dela- 
ware would be on the order of 20 
per cent, an abnormally high value. 
When the average deviation of the 
individual points from the average 
lines is considered, the cut-off point 
would be below 19 per cent; about 
5 per cent of the porosity values 
near the 5-md permeability value 
were 16 per cent or less. Thus, 16- 
per cent porosity is considered to be 
a reasonable minimum porosity for 
an economically oil-productive for- 
mation. 


The square root of permeability 
(in millidarcies) times porosity (per 
cent) is shown in Fig. 2 as a func- 
tion of total water saturation. No 
physical significance is assigned to 


the factor \/ K ¢ in this study. It 
was found to be a convenient factor 
that allowed a relatively logical reso- 
lution of the water-cut parameter. 
Line G and Lines O through W are 
averages for each respective group. 
The shaded areas related to Lines O 
and W represent the area for each 
group into which 95 per cent of its 
samples fell. Similar bands relate to 
the other average lines, P through 
S, but were omitted for the sake of 
clarity. 

The separation of the bands re- 
lated to Groups O and W in Fig. 2 
should be used with caution because 
the bands related to the intermediate 
water cuts badly overlap the two 


bands shown. Where the \/ K ¢ = 9 
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value is used as the lower limit for 
productive characteristics, a core- 
analysis total-water-saturation value 
of 52 per cent of pore space can 
be used as the limit of water satura- 
tion for an economically oil-produc- 
tive formation. Formations with 
core-analysis water saturations less 
than 45 per cent of pore space can 
safely be interpreted as having water 
cuts which are low enough for eco- 
nomically feasible production. 


The relationship of residual oil 
saturation to permeability and per- 
centage of water cut is shown in 
Fig. 3. The bands related to Groups 
O and W again represent 95 per 
cent of the samples in each group. 
A definite criterion for interpreting 
the fluid productivity of a Delaware 
core is seen in Fig. 3. The band 
representing the data for Group O 
above 5-md permeability shows a 
minimum residual-oil value of 12 
per cent. The average lines repre- 
senting the intermediate water-cut 
groups lie very close to the Group 
O line, and their associated bands 
almost exactly coincide with the O 
band. It is obvious, then, that core 
samples with residual oil saturations 
less than 12 per cent of pore space 
nearly always represent formations 
which will have water cuts too high 
to be economically productive. 


The band related to Group W in 
Fig. 3 is asymmetric to the average 
line through it. This is caused by the 
high density of points to the left of 
the average line and near the line 
on the right side. The density of the 
points diminishes as the residual-oil 
value increases. The deep invasion 
of the W band into the O-band area, 
when 95 per cent of the data are 
considered, is one of the reasons 
that the performance of Delaware 
wells is difficult to predict from core 
analysis alone. The left side of the 
band has a very sharp cut-off, a 
condition which is considered nor- 
mal. This condition is undoubtedly 
influenced by the general practice 
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of not analyzing core samples which 
appear, from visual and fluoroscopic 
examination, to be unproductive or 
water-productive. If the W _ band 
were altered to include only the best 
75 per cent of the data, the left 
boundary of the band would remain 
virtually unaltered; whereas, when 
only data above the 5-md_ perme- 
ability limit are considered, the right 
boundary would move to the left to 
a residual-oil-saturation value of ap- 
proximately 14 per cent. 


The residual oil saturations in the 
gas-productive formation are con- 
sidered normal for gas-productive 
sands. Since they are distinctly lower 
than saturations associated with a 
formation that exhibits high water 
cut, distinguishing between the two 
conditions seldom is difficult. 


ADDITIONAL CORE TESTING 
PETROGRAPHIC 
EXAMINATIONS 

The Bell Canyon member of the 
Delaware is strongly characterized 
by the exceptionally well-sorted, fine- 
grained quartz contained throughout 
virtually the entire basin. The feld- 
spar content is higher than that nor- 
mally encountered in sandstone, with 
the crystals being remarkably pre- 
served. Most of the samples analyzed 
show no more than slight disintegra- 
tion of the feldspars. The cementing 
material is calcareous, and the po- 
rosity in the productive intervals ap- 
pears to be controlled principally by 
the amount of cementing material 
present. 


Further, the Bell Canyon typically 
contains fine laminations of sands 
and shales. However, in the produc- 
tive intervals (such as those shown 
in Fig. 4, from 4,945 to 4,949 ft and 
from 4,951 to 4,957 ft), the forma- 
tion usually is virtually free of shale 
material and generally contains only 
trace amounts of clay-sized minerals. 
Maximum clay-sized mineral con- 
tents have been observed to be 5 
per cent. It should be noted that 
clay-sized minerals are not neces- 
sarily true clays. The true clays were 
not identified in this study, but they 
are believed to be principally of the 
illite types since the formation is of 
Permian age.’ The brine and fresh- 
water permeability characteristics (to 
be discussed later) tend to confirm 
this premise because only a small 
amount of additional permeability 
damage occurred when the forma- 
tion was contacted with fresh water 
rather than with brine. 

The formation is quite isotropic in 
the productive intervals, as evi- 
denced by the similarity between 
horizontal and vertical permeabili- 
ties. The values reported in Fig. 4 
for each sample were measured on 
the same cube-shaped sample. The 
permeabilities shown in Fig. 4 have 
been corrected for shppage to an 
equivalent liquid permeability. 

Petrographic data obtained from 
10 of the thin sections studied are 
presented in Table 3. No calcium 
sulfate was observed in any of the 
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samples tested, although small quan- 
tities of it were expected. Muscovite, 
biotite, zircon and a few other min- 
erals were observed in minor quanti- 
ties. 


QUALITATIVE 
WETTABILITY TESTS 


Reports have been made that the 
Delaware formation is oil-wet, in 
spite of the fact that visual inspec- 
tion of the core material and routine 
core-analysis data showed no evi- 
dence of oil-wetness and in spite of 
the fact that the oil produced from 
the Delaware is not at all typical of 
oil produced from reservoirs reputed 
to be oil-wet. To evaluate the wet- 
ting characteristics, 25 fresh samples 
representing all areas of the basin 
were subjected to imbibition tests. 
Thirteen samples were evacuated 
under refined oil and saturated with 
the oil; then they were place in 
imbibition cells filled with water. 
The samples imbibed water so rapid- 
ly, displacing the oil, that the imbibi- 
tion rate could not be established. 
The remaining 12 fresh samples 
were evacuated under water and, 
thus, saturated with water. When 
placed in imbibition cells filled with 
refined oil, not one sample imbibed 
oil. 

Although wettability characteris- 
tics often are difficult to define and 
evaluate, the definite results of these 
imbibition tests are taken as proof 
that the Delaware is water-wet. 


CAPILLARY PRESSURE 
Capillary-pressure tests were per- 
formed on 150 samples from various 
locations in the Delaware basin. 
Tests were made with the porous- 
plate (or restored-state) ,° the centri- 
fuge* and the mercury-injection® 
methods. Complete capillary-pressure 
curves were defined on 20 samples 
by the restored-state method and on 
61 samples by the mercury-injection 


-method. Single end-point tests were 
-performed on 69 samples with the 


centrifuge method. All the tests were 
performed on extracted samples with 
water as the wetting phase. Soltrol 
was used as the nonwetting phase in 
the centrifuge tests. 


Typical complete curves by the 
restored-state method are shown in 
Fig. 5 and typical curves by the 
mercury-injection method are shown 
in Fig. 6. Capillary-pressure data 
confirm the uniform sorting and the 
uniform pore-size characteristic ob- 
served in the thin-section studies. 
The curves are remarkably flat for 
such fine-grained material, and the 
bends of the curves are unusually 
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TABLE 3—PETROGRAPHIC DATA, DELAWARE BASIN 


Composition 


Median (per cent) 
Porosity Grain Clay- 
Range Diam. Sorting Calcite Size 
Sample (% Bulk Vol.) (mm) Coef. Quartz Felds. Cement Minerals 
East Central 
A 10-15 .06 1.28 50 30 15 Mi 
B 10-15 .06 1.20 55 25 15 NoAee 
G 15-20 107) 1.30 55 25 10 5 
D 15-20 .07 1.32 60 30 10 
E 20-25 .06 1.34 60 30 5 Minor 
North Central 
F 20-25 06 1.18 65 20 10 5 
G 20-25 06 1.34 70 15 5 5 
H 25 06 1.28 60 20 10 5 
| >25 06 1.34 65 20 10 Minor 
J >25 07 1.32 65 20 5 5 


narrow. The displacement pressures 
for 21 of the samples are shown 
plotted vs permeability in Fig. 7.° 
The restored-state data were used 
directly, but the mercury-injection 
pressure values were reduced by a 
factor of five to obtain pressure 
values equivalent to an air-brine 
system. The radius of the largest 
pores for each sample was calcu- 
lated from the pressure displacement 
equation. 


2 cos 0 


The water-solid contact angle is as- 
sumed to be zero, and the surface 
tension of water is taken to be 70 
dynes/cm. The diameter of the 
largest pores for each sample so 
calculated varied from about .004 
mm at 1-md permeability to about 
.02 mm at 100 md. This is con- 
sistent with the observations made 
in the thin-section studies. It would 
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also be the order of magnitude ex- 
pected from rhombohedral packing 
of the size grains observed in the 
samples. 

The end-point wetting-phase satu- 
rations obtained by all three meth- 
ods are shown in Fig. 8. The final 
pressures developed in the mercury- 
injection and centrifuge systems have 
been converted to equivalent pres- 
sures in an air-brine system’’ and 
are shown in Fig. 8. The final pres- 
sure used in the air-brine system is 
also shown. 

In view of the 175-psi pressure 
difference involved, the mercury- 
injection and centrifuge data above 
10-md permeability are in reason- 
able agreement. As expected, the 
restored-state end-point saturations 
are much higher than the others, 
due to the relatively low capillary 
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pressures at which they were estab- 
lished. These data show that im- 
mobile water saturations in the Dela- 
ware can vary generally from 15 to 
45 per cent of pore space, depend- 
ing upon permeability and position. 
RELATIVE PERMEABILITY 
Gas-Oil 

Gas-oil relative permeability tests 
were performed on several samples 
from the east-central and north- 
central portions of the basin, using 
the unsteady-state method.’ The tests 
were performed on extracted sam- 
ples. To restore the samples, they 
were saturated with a refined oil, 
and then a portion of the oil was 
displaced with gas at relatively high 
rates. The gas-oil relative perme- 
ability characteristics were then cal- 
culated, by the Welge method,* as 
a function of the saturations. The 
curves for three of the samples, 
varying in permeability from 5.7 to 
110 md, are shown in Fig. 9. The 
gas-oil relative permeabilities are 
considered to be normal for a sand- 
stone and do not indicate abnormal 
pore geometry. 


Oil-Water 


The oil-water relative permeability 
tests also were performed on several 
extracted samples using an unsteady- 
state method. The prepared samples 
were saturated with brine and then 
desaturated to “irreducible” water 
saturations with - conventional re- 
stored-state techniques. The voided 
pores were resaturated with a refined 
oil of 17-cp viscosity, except for one 
sample in which 60-cp oil was used. 
Oil permeabilities were measured at 
the irreducible brine saturations, and 
then the oil was displaced with 
brine. Brine permeabilities at resid- 
ual oil saturations were noted par- 
ticularly. Relative permeability char- 
acteristics as a function of satura- 
tions were calculated by the Welge 
method.* The curves for six sam- 
ples, varying from 6.6- to 125-md 
permeability, are shown in Figs. 10 
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through 14. Note the variation of 
the vertical scale in these figures. 


The oil-water relative permeability 
characteristics of these Delaware 
samples are quite peculiar. Only one 
sample tested, shown in Fig. 12, 
exhibits characteristics that are near 
normal. In all other samples tested, 
the permeability—with two phases 
flowing or with just water flowing— 
is unusually low. In many instances 
the permeability is only 10 per cent 
of the values normally encountered. 
This condition exists even though 
the permeability to oil with irre- 
ducible water present is normal and 
is close in value to the slippage- 
corrected air permeability. The oil- 
water relative permeability charac- 
teristics observed in the laboratory 
appear to be consistent with field 
production experience in that the 
Delaware wells are not so produc- 
tive as they should be in view of the 
specific permeability and reservoir 
energy characteristics of the forma- 
tion. 


Of all the core-analysis tests per- 
formed, the oil-water relative perme- 
ability tests were the only ones that 
were difficult to accomplish. The 
flood fronts built up in the samples 
were quite flat and the end of a 
test was virtually at hand when 
water breakthrough occurred. It was 
difficult to measure a desirable num- 
ber of oil and water flow rates while 
both phases were flowing. One sam- 
ple was analyzed using 60-cp oil 
(Fig. 14) to optimize the experi- 
ment, but the results were about the 
same as when 17-cp oil was used. 
This condition is caused by the 
favorable uniform-pore-size charac- 
teristic of the formation. 


OTHER PERMEABILITY TESTS 

The sensitivity of Delaware sam- 
ples to fresh water was examined by 
testing the permeability of samples 
to both a synthetic brine and fresh 
water. The brine used for these tests 
had 40,000 ppm NaCl and 10,000 
ppm CaCl, the principal compo- 
nents of natural Delaware waters. 
The samples were saturated with 
brine and the permeability to the 
brine was measured. The brine per- 
meability value for each sample, as 
initially measured, was only 21 to 25 
per cent of the equivalent slippage- 
corrected air permeability. The brine 
permeability declined rather rapidly 
for each sample as additional pore 
volumes of brine were put through 
the sample. After the samples were 
allowed to remain static for several 
hours, the initial brine permeabilities 


1234 


were almost completely recovered. 
The samples tested recovered much 
of their initial permeability after be- 
ing static for only two hours. This is 
shown in Fig. 15. 


Subsequent to the brine perme- 
ability tests, the samples were 
leached of brine and were saturated 
with fresh water. Some of the sam- 
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ples were damaged during the han- 
dling processes and, hence, were lost 
for testing purposes. The permeabili- 
ties to water of the remaining sam- 
ples were measured. The fresh-water 
permeabilities were somewhat lower 
than the brine permeabilities. The 
ratio of liquid permeabilities of each 
sample to its slippage-corrected air 
permeability is plotted against the 
slippage-corrected air permeability 
in Fig. 16. Also shown are the ratios 
of specific brine permeabilities, of 
permeabilities to brine at residual oil 
saturation, and of permeabilities to 
oil at irreducible water saturation to 
their respective slippage-corrected 
air permeabilities. 


When fresh-water permeabilities 
are lower than brine permeabilities, 
the conclusion usually drawn is that 
the formation has swelling clays 
present. In this case, however, the 
brine permeabilities are so low that 
the additional loss in permeability to 
fresh water is not particularly sig- 
nificant. If the brine itself were to 
cause the formation clays to swell, 
the permeabilities to oil which were 
measured with irreducible water 
(brine) present would be much lower 
than they are; the 25 to 50 per cent 
pore brine saturations present in 
these tests certainly represent enough 
water to have caused considerable 
clay swelling. It is believed that 
some mechanism other than clay 
swelling must be found to explain 
this abnormally low permeability to 
a water phase found in the Dela- 
ware formation. 


One possible explanation of the 
low water permeabilities is that there 
are mobile solid fines which are 
water-wet and which stay in the 
water phase. When the water phase 
is flowing, these fines can flow into 
the necks of pores where they can 
block part of the permeability. On 
the other hand, when the water 
phase is immobile and only oil is 


’ flowing, the fines which remain in 


the water phase do not move and, 
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hence, cannot block the necks of the 
pores to reduce the permeability. 

Such a mechanism has been ex- 
amined by Bertness’ and by Jones 
and Neil.” Their findings show that 
the mobile fines or clay-sized 
particle-movement concept is very 
plausible for explaining permeability 
plugging. They show that perme- 
ability damage is nearly always re- 
stricted to permeability to the wet- 
ting phase and that the permeability 
is recoverable. The Jones and Neil 
work was performed on samples 
which did not exhibit dispersion of 
the mobile solid fines in brine. Bert- 
ness indicates experience with sands 
which did exhibit dispersion of the 
fines in both brine and fresh water. 
The latter case appears to describe 
the Delaware water-phase perme- 
ability characteristics. 


CONSIDERATIONS OF 
LABORATORY DATA AND 
FIELD PERFORMANCES 


PRODUCTIVE CAPACITY 

A detailed study of the perform- 
ance of Delaware wells is beyond 
the scope of this paper. Statistical 
correlations of theoretical and actual 
productive indices, and their rela- 
tionships to water cut, have not been 
attempted. Such a study should be 
of great interest. Several operators, 
when questioned about the perform- 
ance of their Delaware wells, have 
indicated that: (1) the productive 
indices for wells with very low or 
no water cut are much better than 
those for wells with intermediate or 
high water cut; and (2) the higher 
water-cut wells decline more rapidly 
than low or no water-cut wells and, 
thus, must be re-stimulated relatively 
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often to be kept economically pro- 
ductive. Shutting-in a well for a 
few weeks has restored productivity 
in at least one case. This field per- 
formance information is compatible 
with the laboratory permeability 
data. It is believed that the produc- 
tivity peculiarities of the Delaware 
are definitely associated with the low 
water-phase permeabilities measured 
in the laboratory. 


Pressure declines in Delaware- 
formation oil reservoirs indicate that 
solution-gas drive accounts for nearly 
all of the reservoirs’ energy. There 
appears to be only a small amount 
of evidence of water movement into 
the reservoirs, and the operators 
questioned have stated that the evi- 
dence is inconclusive. Lack of defi- 
nite evidence of a natural water 
drive in a formation so uniformly 
deposited as the Delaware, and with 
its fairly good permeability, is some- 
what unusual. Low permeability to 
the water phase probably is one of 
the reasons for this. 


WATER SATURATIONS 

Establishing water saturations in 
the Delaware is perhaps the most 
difficult task related to analyzing 
Delaware production, and it is a 
problem for which there is no easy 
solution. 

If the formation water is immobile 
in the productive zones, the water 
saturations can be expected to be 
between 20 and 45 per cent of pore 
space. This would make the oil-in- 
place reserve estimates very favor- 
able. Many contend that this is the 
case even though water may be pro- 
duced. Poor well completions and 
production of water from sources 
outside the completed intervals are 
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cited as explanations—explanations 
which we reject here. Perhaps it is 
possible, but certainly improbable, 
that these reasons could account for 
the fact that so many completions 
and recompletions have failed. A 
more plausible explanation would be 
that variations in well and lease 
equipment and in completion de- 
sign have combined with irregular 
production schedules to influence the 
erratic water-cut patterns experi- 
enced in many fields. 


On the other hand, if there is 
mobile water in the formation, it 
appears from the relative perme- 
ability data that the formation’s 
water saturation will nearly always 
be in excess of 40 per cent of pore 
space—and often in excess of 60 per 
cent of pore space. The large per- 
centage of wells which are produc- 
ing water to some degree is strong 
evidence that mobile water is pres- 
ent in much of the formation. 


FEASIBILITY OF 
WATER FLOODING 


The feasibility of water flooding 
Delaware formation reservoirs is an- 
other problem being considered by 
many operators at this time. The 
presence of water production in 
most fields is causing concern—and 
it should. This does not mean that 
it will be economically unfeasible to 
water flood Delaware reservoirs but, 
rather, that the engineering work 
will have to be done carefully and 
thoroughly. For example, extensive 
water flooding has been carried out 
in the Bartlesville formation, which 
has been notable for its water-cut oil 
production. 


The economic feasibility of water 
flooding any particular Delaware 
reservoir obviously would have to be 
based on consideration of numerous 
factors peculiar to the property. 
However, it is possible to generalize 
somewhat. The pore geometry is 
very favorable for flooding, and the 
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residual oil after flooding should 
not be high. On the other hand, in- 
jectivity may be a problem. Also, 
the high water saturations — could 
severely limit the amount of recover- 
able oil and will require that more 
water be injected per barrel of oil 
recovered. 


CONCLUSIONS 


1. The productive Delaware for- 
mation is a highly uniform sand 
with very fine grains and pores. 


2. A formation with permeability 
less than S md is considered to be 
unproductive. 


3. Core-analysis residual oil satu- 
rations should be greater than 12 per 
cent of pore space for the water cut 
to be within economic limits. When 
core-analysis total water saturations 
are below 45 per cent of pore space, 
the water cut should be within eco- 
nomic limits. 

4, The permeability-to-waier char- 
acteristics are abnormally poor. In 
turn, this influences the permeability 
to oil while water is mobile. The 


permeability to oil when water is 
immobile is normal. The gas-oil rela- 
tive permeability characteristics are 
normal. 


5. Mobile fines in the water phase 
may account for the low perme- 
ability to the water phase. 


6. The large percentage of wells 
producing some degree of water-cut 
oil strongly indicates that much of 
the formation has high water satura- 
tions. 


7. Pore geometry is favorable for 
water flooding. Low permeability to 
water may cause injectivity prob- 
lems. High water saturations will in- 
fluence the efficiency and economics 
of a flood. 
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ABSTRACT 


The paper describes experiments on miscible dis- 
placement in various porous media and the results 
of these experiments. Both glass bead packs and 
natural cores were used. Bead diameters varied from 
0.044 to 0.47 mm, and pack lengths varied from 83 
to 678 cm. Natural cores used were Berea and 
Torpedo sandstone. 

By taking samples as small as 0.5 cc and using 
refractive index for analysis, the data on break- 
through curves could be plotted to within +0.5 per 
cent. To plot the data correctly on error function 
paper, a parameter (Vp — V)/\V/V was used which 
allowed for the predicted growth of the front as it 
moved past the observer. 

The change in the amount of mixing (length of 
mixed zone) was studied by varying velocity, length 
of travel, bead size, viscosity ratio and pack diam- 
eter. When the displaced material was less viscous 
than the displacing material (favorable viscosity 
ratio), these changes were adequately predicted by 
theory. When natural cores were used, rather than 
glass beads, the amount of mixing was greatly in- 
creased — also qualitatively predicted by theory. 

In experiments with favorable viscosity ratios in 
which the ratio was varied from 0.175 to 0.998, it 
was found that the rate of mixing was changed by a 
factor of 5.7. Thus, the rate of mixing is strongly 
affected by viscosity ratio, even when the theoreti- 
cal error function relationship for mixing is valid. 

Experiments using fluids with viscosity ratios near 
1.0 showed that the instability effects of even a 
slightly unfavorable viscosity ratio (1.002) caused 
disproportionately more elongated breakthrough 
curves than found with a favorable viscosity ratio 
(.998). When the viscosity ratio was as high as 5.71 
these instability effects were much more pronounced, 
as evidenced by the shape of the breakthrough curve. 
The displacements at viscosity ratios above 1.0 no 
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longer followed the theoretical error function curve. 

It was found that at reservoir rates in natural res- 
ervoir materials the rate of mixing (as measured by 
the dispersion coefficient K) was considerably 
higher than in glass bead packs. The higher mixing 
rate is caused by the inhomogeneity of reservoir 
rock as compared to glass beads. The amount of 
inhomogeneity is expressed in terms of a mixing 
coefficient a. 

Data on length of mixed zone vs velocity showed 
that there exists a velocity at which the zone length 
is a minimum. At this velocity, diffusional mixing 
contributes only a small fraction of the total mixing. 


INTRODUCTION 


Data have been taken on the amount of mixing 
between two miscible fluids during the displacement 
of one fluid by another using various systems of 
porous media and various fluids. The porous media 
were packs of relatively uniform spherical glass 
beads (which form an ideal medium for flow studies) 
and consolidated sandstone cores. The effects of 
displacing rate, bead size, length of travel, diameter 
of bead pack and viscosity ratio were investigated. 


EQUIPMENT AND EXPERIMENTAL PROCEDURE 


The glass beads were packed in Lucite tubes 
which had an inside diameter of 3.19 cm and a wall 
thickness of 0.64 cm, except for those packs used 
to study diameter effects. Porous stainless steel 
discs were set in the ends of the tube to contain 
the beads. Minnesota Mining and Manufacturing Co. 
**Superbrite’’ beads were used. The consolidated 
cores were mounted in Lucite tubes, which had been 
heated to the softening point and bonded to the cores 
using external pressure. Data on the bead packs 
and cores are given in Table 1. The prefix numbers 
on the bead packs (107, 113 and 117) are the Min- 
nesota Mining and Manufacturing code numbers for 
the particular bead size used. 

Fluid movement at any desired rate was obtained 
by a Zenith gear-type pump driven through a variable 


il 


speed transmission. The bead packs (or cores) were 
mounted vertically with the displacing oil injected 
at the bottom. Oils of matched density were used. 
Oil compositions are given in Table 1. The diffusion 
coefficient of these fluids was found experimentally 
to be 3.2 x 10-© cm2/sec. The proportion of each 
oil in the effluent was determined from refractive 
index (R.I.) measurements since one oil was mainly 
Soltrol (an isoparaffinic oil with a low R.I.) and 
the other was mainly commercial kerosene with a 
high R.I. For convenience in identification and 
visual observation of the fluid displacement, one 
of the pair of oils was dyed red with a dye which 
did not change the refractive index. 

In preparation for a run, a pack was saturated 
with oil to be displaced. The oil-saturated pack was 
inverted, the header filled with displacing oil and 
the tubing carrying displacing oil was connected. 
The pack was re-inverted so that the inlet was at 
the bottom, the outlet header was emptied and the 
run started immediately. In this way, an exact ma- 
terial balance could be made on the effluent. The 
effluent was caught in a graduate until the approx- 
imate arrival of the mixed zone. Incremental samples 
of suitable size were then taken as the effluent 
accumulated in the header. Samples were taken with 
a hypodermic syringe so that each sample emptied 
the header; thus, each sample was exactly repre- 
sentative of the oil passing the end of the pack 
during the small time interval of that sample. The 
refractive index was measured and the proportions 
of displacing and displaced oil determined from an 
experimental calibration curve. By taking samples 
as small as 0.50 cc, the data on breakthrough 
curves could be plotted within +0.5 per cent. 


EXPERIMENTAL RESULTS 


EFFECT OF LENGTH OF TRAVEL 
Taylor's! theory of displacement in capillary 


lReferences given at end of paper, 


tubes, Scheidegger’s? statistical theory of porous 
media, Keulemans’? ‘‘eddy diffusion’? theory and 
Frankel’s* ‘‘stagnant pockets’’ theory all predict 
that longitudinal dispersion will be governed by 
the following equation. 

02C 

Eq. 1 is identical in form to the well known dif- 
fusion equation; however, the rate of dispersion or 
mixing of the flood front is governed by a disper- 
sion coefficient (K) rather than the Fick diffusion 
coefficient (D), as in the diffusion equation. Also, 
since the flood front is moving through the porous 
medium, the space variable used is the distance 
from the midpoint of the flood front (x,) rather than 
the distance from the inlet end of the porous medium 
(x). The variables x and x, are simply related as 


follows: 
The solution of Eg. 1 with appropriate boundary 


conditions is well known in the following form. 


where 
2 


Eq. 3 defines the well known ‘‘S’’ shaped curve 
of the error function integral, and a plot of this 
equation is a straight line on arithmetic probability 
co-ordinate paper. 

The argument of the error function in Eq. 3 
(x,/2./Kt) indicates that at a constant rate of flow 
and with a constant dispersion coefficient the 
spread of the mixed zone will be proportional to 
the square root of the distance traveled. It is of 
interest to determine the validity of this ‘‘square 
root law’’; however, first it is necessary to change 


TABLE 1 — POROUS MEDIA AND FLUIDS 


Pack or Length Diameter Pore Vol. Porosity: Permeability Avg. Bead Dia. 
Core No. cm) (em) (per cent) _(darcies) _ (mm) 
117-1 83.2 3.19 221 0.65 
113-1 83.3 3.19 230 34.6 75). - 100 
107-1 83.5 3.19 215 32.2 115 -470 
113-2 167.2 3.20 500 37.1 7 - 100 
113-3 83.4 14.00 4615 36.0 7 -120 
113-4 83.5 1.30 47 37.0 1 - 100 
113-6 678 3.19 1946 35.8 - 100 
B-1 82.2 7.60 725 20.0 0.300 Berea Sandstone 
+042 (Calculated) 
el 82.2 4,88 346 22.5 0.258 Torpedo Sandstone 
-036 (Calculated) 
Oils for Favorable Viscosity Ratio Runs: 
Displaced Oil — 89.4 vol. per cent Soltrol, 10.6 per cent Carbon Tetrachloride 
—————~__ Density 0.840 gm/ce, Viscosity 1.25 cp at 25°C, 
Displacing Oil — 50 vol. per cent Mineral Oil, 50 vol. per cent Kerosene 
Density 0.840 gm/cc, Viscosity 7.14 cp at 2520. 
Oils for Runs at Approximately Equal Viscosity Ratios: 
Clear Oil — 94.9 vol. per cent Soltrol, 5.1 per cent Carbon Tetrachloride 


Density 0.795 gm/cc, Viscosity 1.296 cp at 25°C, 


Red Oil — 94.8 vol. per cent Kerosene, 5.2 per cent Heptane 
Density 0.795 gm/cc, Viscosity 1.299 cp at 252 C. 


NO 
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the equation variables somewhat. Eq. 3 defines the 
concentration profile in the porous medium at a 
given time, while the experimental data give the 
concentration at a given point as the constantly 
gtowing mixed zone moves past the observer. The 
following substitutions can be made: 


Vy -V 


V x 
t = T{— 
Thus, the argument of the error function becomes, 
x4 L(V,-V) 
VKt VTKV,V 2VKTV, 
where 
V,-V 


VV 

The error function parameter U serves two pur- 
poses. First, it accounts for the predicted growth 
of the mixed zone as it passes an observer sta- 
tioned at a fixed point. Second, with displacements 
varying only in length of travel, plots of U vs con- 
centration should fall on the same line if the ‘square 
root law’’ holds. 

As a test of the square root law, runs were made 
at approximately the same rate (5.2 to 6.3 x 1073 
cm/sec) at a viscosity ratio of 0.175. Three bead 
packs of 3.19-cm ID were used — Pack Nos. 113-1, 
2 and 6. The lengths of these packs were 83.3, 
167.2 and 678 cm, respectively. The results of 
these runs are plotted in Fig. 1. As can be seen, 
the data fall on a straight line in the concentration 
range of 5 to 80 per cent displacing fluid. This 
shows that the theoretical equation for the com- 
position profile (the error function) is valid over 
most of the concentration range, although at high 
concentrations the profile is somewhat longer than 
predicted. Further, since all the data fall on the 
same straight line, the square root law is also 
valid. 

It appears appropriate at this point to define the 
relationship between the error function parameter U 
and the rate of growth of the mixed zone which is 
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FIG. 1— EFFECT OF LENGTH OF TRAVEL ON ERROR 
FUNCTION PLOT. 
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characterized by the dispersion coefficient K. 
Taylor! has shown that K can be related to the length 
of the transition zone between any two specified com- 
positions. For instance, if xy9 is defined as the 
distance to the point of 10 percent displacing fluid 
and xgo is the distance to the point of 90 per cent 
displacing fluid, the length of transition zone so 
defined is x9q— x49, and the dispersion coefficient 
is defined as follows. 


t 3.625 


However, for our purposes it is necessary to relate 
the dispersion coefficient K to the error function 
parameter U. The following method is used. The 
best straight line is drawn through the data points. 
Values of U are read from this line at the 1C per 
cent (Ujg) and 90 per cent (Ugg) concentration val- 
ues. The dispersion coefficient is then defined as 
follows. 


2 
L (U99 — U10) 
Val 3.625 


= 8) 


Eq. 8 is identical to Eq. 7, as can be shown by 
substituting Eqs. 5 and 6 into Eq. 7. If a person 
prefers to use other concentration values, such as 
20 and 80 per cent, the form of the equations would 
be the same as Eqs. 7 and 8, but a different con- 
stant would be necessary (e.g., 2.380 for 20 and 
80 per cent concentrations). These constants can 
be obtained from any standard table of error inte- 
grals. 


EFFECT OF VISCOSITY RATIO 

Data were run in the 113-1 bead pack at viscosity 
ratios of 0.175, 0.998, 1.002 and 5.71 at a constant 
velocity (= 6.0 x 1073 cm/sec). The effluent com- 
position curves are shown in Figs. 2 and 2A. In 
Fig. 2 only the 5.71 and 0.998 viscosity ratio data 
are shown due to crowding of the other curves near 
1.0 pore volume injected. In Fig. 2A the central 
portion of the effluent composition plot of Fig. 2 
has been greatly expanded, and the data at 0.175 
and 1.002 viscosity ratios have also been included. 
Of course, on this expanded plot only a small por- 
tion of the 5.71 viscosity ratio curve can be seen. 

Fig. 2 best shows the marked difference when 
the viscosity ratio of 0.998 (a favorable viscosity 
ratio) is compared to a ratio of 5.71 (an unfavorable 
viscosity ratio). The favorable ratio curve is the 
typical ‘‘S’’ shaped curve of the error function, as 
defined by Eq. 3. The unfavorable viscosity curve 
is greatly extended, no longer follows the theoreti- 
cal ‘‘S’’ shaped curve and exhibits a number of 
bumps and irregularities in composition. The irreg+ 
ularities are caused when ‘‘fingers’’ of displacing 
fluid run ahead of the bulk of the flood front. These 
fingers could be easily observed since the displac- 
ing fluid was dyed red; also, they have been reported 
visually by Blackwell, et al. 

In Fig. 3, the data of Fig. 2A have been plotted 
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on probability co-ordinates. The most noticeable 
phenomenon is that increasing the viscosity ratio 
also increases the value of Ugg — U1 and, thus, 
increases K and the rate of dispersion. For instance, 
compare the data at viscosity ratios of 0.175 and 
0.998. Both of these are favorable ratios and both 
follow the theoretical error function of Eq. 3. But, 
it is evident that the change in viscosity ratio 
caused an increase in mixing rate (shown through 
Ug9 — U9). This phenomenon has not been ade- 
quately studied to date, so no generalization can be 
made about the effect of viscosity ratio on mixing 
rate. But this points out the need to view with care 
data from different authors who may be using dif- 
ferent viscosity ratios. 

Another important effect of viscosity ratio is found 
by comparing the 0.998 data with the 1.002 data. 
The instability effects of only a slightly unfavorable 
viscosity ratio (1.002) cause a disproportionately 
large change in the effluent concentration curve. 
Also, along with a greater amount of mixing, the 
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FIG. 2— EFFECT OF VISCOSITY RATIO ON EFFLUENT 
CONCENTRATION CURVE, BEAD PACK NO. 
113-1. 
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FIG, 2A—EFFECT OF VISCOSITY RATIO ON EFFLU- 
ENT CONCENTRATION CURVE, BEAD PACK 
NO. 113-1. 
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unfavorable viscosity ratio data no longer plot a 
straight line on the probability co-ordinates of Fig. 
3. The 5.71 viscosity ratio data are not plotted on 
Fig. 3, but these data exhibit even more curvature. 
So Eq. 3 cannot be considered valid for displace- 
ments at a viscosity ratio greater than unity. 


EFFECT OF PACK DIAMETER 

Displacements were run in 14.00-cm (113-3), 3.19- 
cm (113-1) and 1.30-cm (113-4) packs to determine 
the effect of over-all pack diameter. The beads 
used in all three packs were 0.100-mm average 
diameter, and the viscosity ratio used was 0.175. 
As can be seen in Fig. 4, the 3.19 and 14.00-cm 
packs show almost identical breakthrough curves; 
but, the 1.30-cm pack definitely exhibits more dis- 
persion. There are two possible reasons for the 
greater mixing found in the small-diameter pack. 
One reason can be deduced from the nature of the 
mixing theories in porous media.2,3,4 All these 
theories assume a cross section large enough that 
boundary or wall effects are negligible, and it is 
likely that this assumption is not valid in the 1.30- 
cm pack. Another reason for greater dispersion may 
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FIG. 3—EFFECT OF VISCOSITY RATIO ON ERROR 
FUNCTION PLOT, BEAD PACK NO, 113-1. 
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be the difficulty in achieving uniform packing in a 
small tubing; but, whatever the reason, the data of 
Fig. 4 emphasize the need for viewing with caution 
any data acquired from small-diameter packs (less 
than approximately 3-cm diameter). 


EFFECT OF FLOW VELOCITY 

Keulemans? has suggested that one source of 
dispersion at higher flow rates is due to the separ- 
ation and rejoining of channels of flow in the porous 
medium and has termed this ‘‘eddy diffusion’’. If 
one considers a particular porous medium, the amount 
of dispersion introduced with each centimeter of 
distance traveled is the same, regardless of the 
velocity of flow through that medium. The dispersion 
is-entirely due to the amount of separation and re- 
joining that is inherent in the medium itself. How- 
ever, the dispersion coefficient (K) is a measure of 
the rate of dispersion, not the amount, and thus 
would be proportional to velocity. Also, when con- 
sidering two similar porous media differing only in 
size of flow channels and particles, the amount of 
dispersion is directly proportional to particle size. 
So, for Keulemans’ ‘‘eddy diffusion’’, 


where A is a term which expresses the amount of 
irregularity of packing and, thus, the amount of 
eddy diffusion characteristic of the particular porous 
medium. It is often desirable to express variables 
in dimensionless form, and Eq. 9 suggests the fol- 
lowing form. 


fu 

10 
(10) 
Taylor’s capillary tube theory and Frankel’s 


**stagnant pockets’’ theory both reduce to the fol- 
lowing proportionality, 


which, again in dimensionless form, becomes 

K (ru)? 

(2) 


By referring to Expressions 10 and 12, it would 
appear reasonable to plot 7u/D vs K/D, both for the 
purpose of correlation of data and to test the valid- 
ity of these theories. Accordingly, a plot of all the 
data has been made in Fig. 5 using K/D and 7u/D 
as co-ordinates, as done by Blackwell, et ARO IN 
log-log co-ordinate system is preferable here be- 
cause of the wide range of variables covered and 
because 7u/D is expressed as a power function in 
the above proportionalities. 

EFFECT OF FLOW VELOCITY — LOW FLOW RATES 

To understand the amount of mixing which occurs 
at low velocity, one should consider the limiting 
case where velocity is zero. At non-flow conditions, 
the only case of mixing should be ordinary molecular 
(Fick) diffusion, and the dispersion coefficient K 
will be constant. In Fig. 5, the data on 0.100-mm 
beads approaches this condition at a value of 7u/D 
of about 0.2. Thus, at low rates the equation for the 
dispersion coefficient in glass bead packs becomes 
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K 
Blackwell, et al> and Carman® have also found 
this relationship at low flow rates for spherical 
glass bead packs. The number 0.7 should not be 
considered a universal constant, for diffusion in a 
porous medium is directly analogous to the electri- 
cal resistivity of the medium. Thus, K/D is related 
to the formation factor F and porosity ¢, and a more 
exact equation at low rates is 
K 


ls 
D Fd 
The term 1/Fq¢ will commonly vary between 0.15 
and 0.7, depending on the lithology of the porous 
medium. 7 


(14) 


EFFECT OF FLOW VELOCITY — HIGH FLOW RATES 

At high flow rates, as stated, Keulemans’ theory 
predicts that the term K/D is proportional to Fu/D 
to the first power. The other theories predict a 
second power dependence. The data of Fig. 5 show 
that none of these theories is exact but, rather, that 
the result lies somewhere between them. The expo- 
nent was found experimentally to be 1.24, 1.20 and 
1.19 in the 0.470-mm beads, 0.100-mm beads and 
the Berea core, respectively. These data compare 
closely with the 1.17 power reported by Blackwell, 
et al,° and the 1.20 power shown by Aronofsky and 
Heller® on data reported by von Rosenburg.9 

From these data it appears that, for glass bead 
packs and fairly homogeneous sandstone, a reason- 
able value to use for the exponent is 1.20. Thus, we 
get the empirical equation 


1.20 
The exponent (1.20) may not be a constant, valid 
for all porous media, since it has only been tested 
for bead packs and sandstone. It lies between the 
1.00 and 2.00 limits of the mixing theories, so it 
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FIG. 5—EFFECT OF RATE AND TYPE OF POROUS 
MEDIUM ON DISPERSION RATE. 
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appears that both eddy diffusion of Keulemans” 
model and statistical dispersion of either the 
Scheidegger or Frankel type play a part in deter- 
mining the rate of mixing. Also, since the result is 
close to the first power, eddy diffusion must be the 
dominant factor in these media. 

Eq. 14 for low rates can be combined with Eq. 15 
for high rates to give a single equation expressing 
the dispersion coefficient as a function of velocity 
and lithology. Thus, we get 


Tu \1-20 


It will be noted that no attempt has been made to 
give an exact numerical value for the mixing coeffi- 
cient (a) in these equations. The reason is that ais 
not a constant, as implied in other work but, rather, 
varies widely depending on the geometry of the 
porous medium and the viscosity ratio of the flow- 
ing fluids. A further discussion on the effect of 
porous medium type on a is found in the next sec- 
tion, and a comparison of a values has been made 
in Table 2. The authors feel that, with more exper- 
imental evidence, the mixing coefficient (a) could 
be used with success to characterize porous media, 
for ais a measure of the inhomogeneity of a medium 
in a dynamic situation, while the present pore size 
distribution techniques are based on non- flow 
measurements. 

Upon studying Eq. 16, one observes an interest- 
ing relationship between the dispersion coefficient 
K and the molecular diffusion coefficient D. At 
high flow rates with all other variables held con- 
stant, K is inversely proportional to D° 2; this 
means that, if the fluids had a larger diffusion co- 
efficient, the amount of mixing would be slightly 
less. No attempt has been made to study this pos- 
sibility here, but the data of Handy! at least 
qualitatively substantiate that mixing rate is de- 
creased somewhat when using a fluid with a greater 
diffusion coefficient. 


. (16) 


EFFECT OF POROUS-MEDIUM TYPE 
Keulemans’ eddy diffusion term includes the co- 
efficient which expressed the inhomogeneity of 
the flow channels. Let us assume we have two 
porous media which are geometrically similar with 
different particle sizes, such as two identically 
packed bead packs differing only in diameter of 
beads. These packs would have identical values 
for X according to Keulemans’ theory. Scheidegger’s 
theory contains a dispersivity term a which from 
its definition would also be constant under the 
afore-mentioned conditions, and Frankel’s stagnant 


TABLE 2 — EFFECT OF VISCOSITY RATIO AND POROUS 
MEDIUM ON a, FOR K/D =a (ru/D) 1-20 


Porous Medium Viscosity Ratio a 
2044-mm Beads 0.69 
-100-mm Beads 0.49 
-100-mm Beads 998 2.78 
-470-mm Beads 175 0.30 
Torpedo Sandstone 175 23.2 
Berea Sandstone 175 53 
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pockets theory gives the same result. However, in 
practice, A (and, thus, a and a) has experimentally 
been found to increase with finer particles. Klinken- 
berg and Sjenitzer11 report values of A increasing 
from one to eight as particle diameters drop from 
1.0 to .05 mm. The data of Fig. 5 and Table 2 on 
0.470, 0.100 and .044-mm beads also point out this 
trend, for the values of a increase as the bead 
diameters decrease. 


Why then is a not constant? Keulemans suggested 
that this increase with small particles is due parti- 
ally to the difficulty in packing smaller particles 
uniformly and partially to the greater variation in 
particle size usually found with finer particles. 
That is, the larger a is caused by more inhomoge- 
neity in the porous medium. The data reported here 
from glass bead packs corroborates this theory, for 
the small beads have a greater variation in particle 
size than the large beads. 

Also, we can compare the values for a reported 
here to those cited by Blackwell5 and Klinkenberg. 11 
The avalues found in this paper are considerably 
smaller than found by these two authors. Part of 
this difference is caused by viscosity ratio (ex- 
plained earlier), but even the 0.998 viscosity ratio 
data give less mixing than reported by Blackwell 
and Klinkenberg. Again, this is caused by the nar- 
row particle-size range of these beads — that is, 
by the more homogeneous porous media. 

To plot the Berea and Torpedo sand data on Fig. 
5 for comparison with the bead pack data, an as- 
sumption must be made on average particle radius 
to be used for these natural porous media. The fol- 
lowing equations were used to calculate average 
pore radii and particle radii. 


=—/8k 10-4 


where 
7 = 2.0 


Using these equations, the average sand-grain 
radii calculated 2.1 x 10°3 cm for the Berea sand- 
stone and 1.8 x 10-3 cm for the Torpedo sandstone. 
These average grain radii are, of course, not exact, 
but they are close enough to show without doubt 
the tremendously increased importance of the a 
term (the inhomogeneities) in naturally occurring 
porous media when the data are compared in Fig. 5 
to the homogeneous bead pack. Handy’s!° data 
obtained from a Boise consolidated sandstone show 
the same results. In Table 2, the a values for the 
bead pack data and the natural core data may be 
easily compared. 

To more readily see the effect of inhomogeneities 
on rate of mixing at reservoir rates, let us consider 
a displacement at 3.0 x 10-4 cm/sec (0.85 ft/day). 
In the.100-mm glass bead pack, the dispersion rate 
was controlled almost entirely by molecular diffu- 
sion. But, in the Berea core used in this study, the 
dispersion rate was 9.2 times as great as in the 
glass bead pack because natural sandstone is more 
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heterogeneous. This result is reflected directly in 
the values for a found in Table 2. 


EFFECT OF VELOCITY ON ZONE LENGTH 
It is of considerable interest to know the effect 
of velocity on the length of the mixed zone. Con- 
sider Eqs. 7 and 16. We can substitute 57 for ¢t in 
Eq. 7, and then solve these equations simultaneously 


for x99 — x49 as a function of velocity. The result 
is 
3.625 Fé wv, D uV, 
A glance at Eq. 19 will show that there exists a 
velocity at which the mixed zone length is a mini- 
mum. Eq. 19 can be differentiated with respect to 


velocity and set equal to zero to solve for this 
velocity. 


\1/1220 


Using the data for the 113-1 bead pack (0.70 for 
1/F¢ and 0.49 for a), the velocity for minimum mix- 
ing is found from Eq. 20 to be 3.3 x 10-3 cm/sec. 
Fig. 6 shows the data on velocity and zone length 
for this pack along with the calculated minimum. 

Another method of fixing this ‘minimum’? velocity 
is to draw a 45° line on Fig. 5 tangent to the curve. 
The point of tangency corresponds to the minimum 
point. By this procedure it is apparent that this 
velocity will be lower as the porous medium be- 
comes more heterogeneous. For instance, assuming 
1/F@ equals 0.50 for the Berea sandstone and a 
equals 53, the velocity for minimum mixing in Berea 
is calculated to be 1.2 x 10-4 cm/sec. Also, it can 
be seen from the K/D value that only about 20 per 
cent of the total dispersion coefficient is caused 
by diffusion at the ‘‘minimum mixing’’ velocity. 


SUMMARY AND CONCLUSIONS 


This investigation has found that the viscosity 
ratio during displacement greatly affects dispersion 
rate in the following ways. 
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1. When a favorable viscosity ratio was changed 
by a factor of 5.7 (0.175 to 0.998), the dispersion 
coefficient was also changed by a factor of 5.7. 
Although this seems to suggest a linear relation- 
ship, there are not enough data available to sub- 
Stantiate such a conclusion. This should be in- 
vestigated further. 

2. When changing only slightly from a favorable 
(0.998) to an unfavorable (1.002) viscosity ratio, 
the mixing rate was disproportionately increased 
and the predicted error function curve was no longer 
valid. 

3. When the viscosity ratio was 5.71, the effluent 
concentration curve was greatly extended, and 
there was both visual and analytical evidence of 
distinct ‘‘fingers’’ of displacing fluid running 
ahead of the average displacement front. 

4, At viscosity ratios above 1.0, the theoretical 
error function curve no longer was valid. 

The following conclusions can be drawn for dis- 
placements at a favorable viscosity ratio (viscosity 
ratio < 1.0). 

1. The ‘‘square root law’’, which concludes that 
the amount of mixing is proportional to the square 
root of the distance traveled, is valid. 

2. Diameter of the pack can be an important 
variable, and data from small-diameter packs should 
be treated with caution. Data obtained using .100- 
mm diameter beads were consistent for packs 3.2 
cm in diameter and larger. 

3. At very low rates of flow, the dispersion co- 
efficient K is directly proportional to the Fick 
diffusion coefficient, as expected. 

D Fd 

4, At high rates of flow, the dispersion coeffi- 
cient is characterized by the following relation for 
sandstones and glass bead packs. 

D 

5. a in this equation is not a constant but, rather , 
is a function of the viscosity ratio of the flowing 
fluids and the inhomogeneity of the porous medium. 

6. In natural sandstones at reservoir rates, the 
dispersion coefficient K is proportional to (u)}+20, 
as in the above equation, and the rate of dispersion 
is considerably higher than found in glass bead 


D 


packs. 

7. The length of the mixed zone is a function of 
velocity. The zone length increases at very low flow 
rates and very high flow rates, and there exists a 
velocity at which the zone length is a minimum. At 
this velocity, diffusion contributes only a small 
fraction of the total dispersion coefficient. 


NOMENCLATURE 


C = concentration (cc/cc) 

= time (seconds) 

x41 = distance from midpoint of flood front 
(cm) 

dispersion coefficient (cm*/sec) 


7 


D = Fick diffusion coefficient (cm*/sec) 

x = distance from inlet end of porous me- 
dium (cm) 

= average pore velocity (cm/sec) u=L/T 


u 
L = length of porous medium (cm) 
T = time required to inject or produce one 
pore volume of fluid (seconds) 
Vp = pore volume of porous medium (cc) 
V = volume of fluid recovered at time of 
sample (cc) 
U = error function parameter(V, 
7 = average radius of glass beads or sand 
grains (cm) 
E = Keulemans’ eddy diffusion coefficient 
(cm2/sec) 
A = Keulemans’ packing coefficient 
F = formation resistivity factor 
@ = fractional porosity 
@ = mixing coefficient 
a = Scheidegger’s dispersivity 
Tp» = average pore radius (cm) 
= permeability (darcies) 
Viscosity 


Ratio = the ratio of the displaced phase 
viscosity to the displacing phase 
viscosity 
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Solvent Recovery of Oil 
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ABSTRACT 


This paper shows how stability theory can be 
used to optimize solvent recovery of oil. Applica- 
tion of the theory leads to definition of the limiting 
conditions required for stable displacement to 
occur. One of these conditions is that the size of 
a solvent ‘‘slug’’ must at least equal a prescribed 
minimum. The criteria to be satisfied are miscibil- 
ity and stability. Stability implies that no viscous 
fingering will occur and that mixing will be caused 
only by a dispersion process. Miscibility implies 
that complete recovery will be obtained from the 
swept regions. Thus, for any specified set of res- 
ervoir conditions, an optimum use of solvent is 


defined. 
INTRODUCTION 


The early outlook for solvent flooding as a means 
to increase oil recovery was very favorable. Some 
laboratory results indicated that a ‘‘slug’’ con- 
taining perhaps 2 to 3 per cent of a hydrocarbon 
pore volume could be successful. However, other 
data suggested as much as 30 per cent would be 
required. The difference is of considerable economic 
importance. A theoretical explanation for these 
divergent results has been advanced by the author.) 
Stability theory defines conditions for two distinct 
flow regimes. In stable displacement, solvent and 
oil become mixed by a dispersion process, and the 
solvent requirement is small. On the other hand, 
unstable displacement can degenerate into viscous 
fingering. The practical result is a considerable 
increase in the extent of mixing and, thus, in the 
solvent required. 

The present paper shows how to use stability 
theory to optimize solvent recovery of oil. Oil is 
usually considered to be displaced by a small amount, 
or a slug, of solvent. Gas in turn follows solvent, 
Any fingering will permit contact of nearly solvent- 
free gas and oil, leading to immiscibility and re- 
duced recovery. Thus, our optimum is defined by 
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two restrictions ~— stable flow and miscibility. 
Although an immiscible solvent process could prove 
more profitable than any miscible process, such 
processes lie outside the selected definition of an 
optimum. The usefulness of computations based on 
the present work will depend on the validity of the 
general theory. Because the important idealizations 
required tend to minimize the predicted solvent re- 
quirement, the results should state correctly the 
limiting conditions required. Therefore, theoretical 
calculations should have practical value. 

This paper first reviews several principles that 
result from stability theory. The following section 
describes use of these ideas in relatively simple 
systems which symmetry makes appear one-dimen- 
sional. Of particular importance is the step-by-step 
design of a stable minimum-solvent slug. The use 
of stability theory in cases of multi-dimensional 
displacement is discussed and, finally, suggestions 
are given for simplified practical application of the 
theoretical results. 


PRINCIPLES OF STABILITY THEORY 


The use of perturbation methods to derive stabil- 
ity conditions has been shown by the author.! The 
discussion is presented in terms of the fractional 
concentration of solvent in the single hydrocarbon 
phase. Quite generally, any disturbance can be 
represented as a Fourier series, of which only the 
least stable term need be considered. Denoting 
this term at time t =0 by cy, 


cos cos cos nmzL7!....(1) 


The initial growth of this least stable term is cal- 
culated according to 


where 
9 


= 


and the functions are defined by 


k do gsin 


61 de de ¢uy 
g -k dp g cos @ 

dc ug 


The least stable term has the highest growth rate, 
yet stability requires that no growth occur. This 
means that the stability coefficient y must be zero 
or positive, and Eq. 3 shows how this requirement 
restricts displacement conditions. 

The derivation assumed flow in the x-direction 
within a reservoir of large x and y dimensions and 
limited thickness L in the z-direction. D, is the 
axial and D3 the lateral dispersion coefficient.?-> 
The constant, stable volumetric flow rate per unit 
of cross-sectional area and per unit of porosity is 
ug. Flow symmetry maintains solvent concentration 
© for stable flow independent of y. Viscosity py is 
for a fluid mixture of solvent concentration c. From 
Eq. 1, a, 8 and nm are Fourier expansion parameters 
depending on the initial disturbance. Other symbols 
are k for permeability, ¢ for porosity, p for density, 
g for the acceleration of gravity and @ for the dip 
angle of the formation. For downward tilt in the di- 
rection of flow, @ is negative. 

Consider what happens as solvent moves through 
a reservoir displacing oil. Dispersion will cause 
mixing and a gradual transition from oil to solvent. 
Values of y will vary within the solvent bank de- 
pending on the relative importance of gravity, vis- 
cosity and dispersion. So long as any part of the 
system is unstable, viscous fingers can grow to 
dominate flood behavior. The problem is to keep 
the most negative value of y zero, forcing all others 
to be positive. No real system is simple. However, 
several useful generalizations can be derived and 
are presented in the following discussions. 


THE PRINCIPLE OF GRAVITY STABILIZATION 

The most important stabilizing mechanism is 
gravity segregation. The function g, in Eq. 4 is 
positive when gravity is dominant, but it becomes 
negative when gravity is subordinate to viscous 
forces. Thus, it measures the relative importance 
of gravity. This assumes “normal’’ solvent-oil 
density, viscosity and displacement conditions. 
Gravity stabilization can be achieved by control- 
ling rate. 


THE MINIMUM-SLUG-SIZE PRINCIPLE 

The stability limit is marked by y =0. This same 
condition defines the minimum solvent slug for 
stable displacement. Take the simple example in 
which concentration is independent of z and make 
the assumption that a is negligible. Inserting these 
conditions together with y = 0 and re-arranging 


Ox 
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The asterisk indicates a critical, or limiting, re- 
lationship. Stability results whenever either one 
of the following occurs. 

l. gy is positive and (a) the concentration gra- 
dient has any negative value or (b) the concentration 
gradient has a positive value no larger than that 
indicated by Eq. 5. 

2. gy is negative and (a) the concentration gra- 
dient has any positive value or (b) the concentration 
gradient has a negative value no larger in magni- 
tude (no more negative) than indicated by Eq. 5. 

While a solvent slug should be kept small, at high 
rates stability and an abrupt change from oil to 
solvent may be incompatible.© Maximum gradients 
for a given rate will depend on system properties. 
SOURCES OF REQUIRED DATA 

Most information required to apply Eqs. 3 through 
5 is readily obtained. Although the dispersion co- 
efficients D,; and D3 are new parameters, measure- 
ment techniques have been developed.*:7-9 These 
coefficients characterize the mixing capability of 
a porous medium in much the same way that per- 
meability denotes flow capacity. Because at very 
low rates the lateral dispersion process will reduce 
to molecular diffusion, these coefficients must be 
measured under appropriate experimental conditions. 

The remaining new parameters arise from the 
Fourier series representation of possible disturb- 
ances in solvent concentration. They are denoted 
by the letters a, 8 andn. As shown by Eq. 1, these 
parameters reflect the scale, or “‘wave length’’, 
of disturbances propagated as a result of inhomo- 
geneity in reservoir properties. The principal cause 
would be permeability inhomogeneity. Means for 
proper determination of a, 8 and n will require 
research into the variation characteristic of porous 
media. Such studies have yet to be made. 

From theory,! however, together with even cur- 
sory observation of natural oil-reservoir rocks, we 
can draw several useful conclusions. The first is 
that very frequently a, and perhaps also f, can be 
neglected. The most important auantity is n. It 
must be an integer and must be greater than or 
equal to one. Thus, conservative practice would 
dictate the values a = 0, B = 0 and n = 1 when 
estimates must be used. 

Before assuming that this crude approach will 
always be necessary, consider possible sources of 
information. What we require is a measure of the 
greatest distance between successive extreme 
values of permeability characteristic of the forma- 
tion. In the vertical direction, for example, suppose 
that permeability maxima occur (at most) each L’” 
units apart. Then, it is reasonable to expect the 
fundamental component of a resulting disturbance 
to be periodic with the approximate interval L’. 
That is, we expect that it will contain as its long 
wave-length Fourier component of appreciable 
amplitude a term with n = 2L/L% One source of 
such characteristic maxima might be well logs that 
have been properly interpreted. Certainly this should 
be true for n because it is characteristic of vertical 
variation. It is fortunate that precise values of a 
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and 6 would seem to be much less important. 


USE OF STABILITY THEORY WITH LINEAR FLOW 


Symmetry makes it possible to treat many reser- 
voir problems and laboratory core flood problems 
as if the flow were one-dimensional. For this reason 
we will discuss in some detail an example long- 
core flood. The discussion shows how stability 
theory can be used to optimize solvent recovery of 
oil. It leads to results applicable to a variety of 
practical problems. Later discussion will cover the 
more complex multi-dimensional cases. 


STABILITY IN A LONG-CORE FLOOD 

The fluid and rock properties to be used in 
example calculations are given in Table 1. Density 
and viscosity depend on the composition of the 
single hydrocarbon phase. The relationships are 
conveniently given as empirical equations. Frac- 
tional solvent concentration is c, while fractional 
concentration of dissolved gas is denoted by Cy. 
By difference, the remaining material is oil. Values 
for the dispersion coefficients based on experiment 
are given in Table 1. Other materials and other 
flow conditions could require different values. 

As an example problem, we consider flow through 
a long, square-cut core about 2 in. on a side and 
positioned with a 10° dip. The core has been flooded 
with solvent for 40 days at a frontal advance rate 
of about 1 ft/day. The flood is also assumed to 
have been started by an abrupt change to solvent, 
as shown by the input curve in Fig. 1 (Curve A). If 
flow is linear and stable so that no fingering occurs, 
concentrations will be uniform across any section 
of the core. Thus, it is convenient to picture the 
result by means of a solvent concentration profile, 
as if solvent could be separately observed within 
the system. For this case, the concentration profile 
should look like Curve B in Fig. 1 after traveling 
40 ft. This profile is defined by the equation, 


in which a negligible term has been dropped. ! 

The first question to be answered is whether or 
not such a flood should be stable. Using solvent 
concentration data from Fig. 1, dimensionless sta- 
bility coefficient values such as those from Eq. 3 


c = %erfe 


TABLE 1 — PROPERTIES FOR EXAMPLE CALCULATIONS 


Linear Flow 


3.46 x 10° seconds (t = 40 days) 


D, = 0.375 uy cm/sec 

D3 = 0.0375 ug cm2/sec 

Uo 3.47 x cm/sec (ug ~ 1 ft/day) 
= 5 cm (L = 2in.) 

k = 0.87 darcies : 

= 10 exp (—3¢ — 6.39) cp 

pg = (8 — 2.9€— 7.3€g) atm/em 

0 =—10° 

d = 0.25 


Two-Dimensional Flow 


As Above Except: 
t = 1.38 x 108 sec (t = 1,600 days) 
E = 305cm (L = 10 ft) 
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FIG. 1 - CONCENTRATION PROFILE, LONG-CORE 
EXAMPLE. 

are plotted in Fig. 2 for three different, long wave- 
length disturbances. Instability is indicated over a 
considerable concentration range in each case, as 
shown by negative values of the coefficient y. The 
results imply a substantial space region within 
which such disturbances can grow. Because natural 
core properties always are such as to initiate small 
disturbances, it is doubtful that displacement could 
have occurred as shown by Fig. 1. A more likely 
sequence would be initial instability followed by 
viscous fingering and, finally, a larger mixing zone 
than that shown. 


GRAVITY STABILIZED MINIMUM SOLVENT SLUG 

The hypothetical core flood just described can 
be modified to make use of gravity stabilization. 
Suppose conditions are maintained such that the 
function gj (Eq. 4) is positive. Then by Eq. 5, the 
concentration gradient can be made as steep as we 
like. To see what is required to accomplish this, 
Fig. 3 shows gy, as a function of concentration ¢ 
for possible flood rates ug. 

Since gravity stabilization reauires that gj be 
positive for all c, the limiting value is obtained at 
c =0 where fluid viscosity is greatest and the re- 
sponse to gravity is least, Thus, a critical rate for 
gravity stabilization is defined by setting gj =0 
and maximizing p. The result is 

For the example data, u*, (Curve 4 of Fig. 3) cor- 
responds, to 0.017 ft/day. At or below this very low 
rate, complete gravity stabilization is possible 
with no reliance on dispersion. The rate is low 


enough for the dispersion mechanism to become 
molecular diffusion, but a result similar to Curve 
B of Fig. 1 would be obtained. 
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FIG. 2— EXAMPLE STABILITY COEFFICIENTS 
FOR LONG-CORE FLOOD, 


tfor 

11 


An elementary treatment of this kind of problem 
considers the entire mixing zone as a kind of ‘‘in- 
terface’’ region. This suggests as a condition for 
stability 


Alpg) sin 
Au 


where A represents total change in the quantity 
across the interface. Eq. 8 is the limiting finite- 
difference form of Eq. 7 and represents a kind of 
average behavior through the interface. Used with 
the example data, Eq. 8 suggests a limiting rate 
of 0.053 ft/day. Unfortunately, correct use of Eq. 
8 requires that mixing-zone thickness be negligible. 
Because a mixed region forms almost immediately, 
only the more restrictive Eq. 7 is appropriate. 


FORMATION OF A MINIMUM-SOLVENT SLUG 

The preceding discussion showed how gravity 
could be used to stabilize displacement. Because 
such low flow rates are required, the process is 
unlikely to prove practical. The present section 
will show how to form a slug containing minimum 
solvent, yet in such a manner that flow will be 
stable at some pre-selected rate. The results apply 
to linear flow. To do this requires a somewhat 
novel approach — the use of a gradual change in 
properties of the injected fluid rather than an abrupt 
change from one fluid to another. ® In addition, it is 
necessary to consider the complete problem in which 
gas displaces solvent, which in turn recovers oil. 
Thus, the complete definitions of viscosity and 
density in Table 1 are required. The symbol Cy, is 
used for fractional gas concentration. 

The principles are as follows. Flow behavior is 
single-phase and the mixing mechanism is disper- 
sion provided (1) all fluid compositions remain in 
the miscible region, and (2) stability conditions 
are satisfied. Formation of a solvent slug which 
will satisfy these criteria involves three steps: (1) 
finding the maximum rates of change of solvent 
concentration consistent with stability for the. speci- 
fied conditions and, thus, the way in which solvent- 
oil and gas-solvent transition zones are to be in- 
jected; (2) finding how much pure solvent must be 
injected between transition zones to make certain 
that dispersion mixing does not lead to immiscibility; 
and (3) finding out how much the rate can be in- 
creased as the solvent slug travels and stability 
criteria become less restrictive. These steps are 
illustrated by an example. 

Step 1 

The first step is to establish maximum concen- 
tration gradients consistent with stability. This 
can be done by applying Eq. 5 separately to solvent- 
oil and gas-solvent transition zones. The results 
specify just what the ‘‘shape’’ of the injected con- 
centration profile must be. We use the core and 
fluid properties in Table 1 and a displacement rate 
of 1 ft/day. To obtain the required data, note the 
following equivalence. 


Ox ug ot 


u 


12 


which, combined with Eq. 5, gives on integration 


+ (10) 


t*=- 


+n?n?)D, 


If a concentration ¢} is being injected at the initial 
time t}, Eq. 10 tells what concentration c* must be 
injected at any subsequent time t* to keep the 
solvent slug stable but as small as possible. 


Eq. 10 is used first to construct the leading 
transition zone by which solvent is to displace oil. 
The conservative values B = 0 and nm = 1 can be 
used for the perturbation properties. Eq. 4 defines 
the function g, which depends on both density and 
viscosity. To compute these functions, note that 


Cg = 0 at this leading part of the transition zone. 


It is convenient to measure time ¢* relative to a 
time t¥ =0 for which ct =0. In this way we arrive 
at the solvent-oil injection profile c% shown in Fig. 
4 as a function of time. A backward time scale is 
used, listing time after start of injection. Thus, 
the profile appears the same as it would if we were 
able to observe it within the core. 

Construction of the trailing transition zone where 
gas displaces solvent is handled similarly. In this 
case C, = 1 —€, a condition which denotes no oil 
present. Thus, the function gj has different numer- 
ical values at the trailing edge. Using Eq. 10 once 
again but with the new data, the shape of the gas- 
solvent transition zone Ct is as shown in Fig. 5. A 
convenient starting point for the calculation is c¥ = 
1 at 

The curve calculated from Eq. 10 at the trailing 
edge of the slug gives the same ¢t* value for two 
different concentrations. This occurs because the 
permissible gradient becomes infinite at a concen- 
tration just below c£=0.8. When solvent concentra- 
tions fall below this point, the mixture becomes 
gtavity stabilized. Solvent is minimized by abrupt 
termination of the slug, following the solid curve. 
The dashed extension giving double values in Fig. 
5 merely shows what the limiting behavior would be 
if the gas-solvent positions in the system were 
reversed. 
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FIG. 3 — GRAVITY FUNCTION (g;) FOR LONG-CORE 
FLOOD. 
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FIG. 4 —- STABLE SOLVENT-OIL TRANSITION ZONE, 
LONG-CORE FLOOD. 


Stepac 

The second step is to find a way to form a slug 
that includes the stable transition zones, and that 
will not separate into two fluid phases at some 
later stage. The method is trial-and-error solution 
of a dispersion problem. Phase behavior is assumed 
to be known as a function of c and ¢. Cg. (Note that 
the flow equations were written in fern of volume 
fractions, not mole fractions). 

We start by visualizing the two transition zones 
separated by an unknown amount of gas- and oil-free 
solvent. The transition zones are shaped as noted 
under Step 1. These zones are conveniently labelled 
as c% for the solvent-oil transition, c} for plain 
solvent and c%, for the final gas-solvent transition. 
Each ¢* will be a function ¢*(7) of time 7. The time 
ty required to inject the solvent-oil transition zone 
cz is known (Fig. 4), as is the time difference t3 
— to for the final gas-solvent transition cé% (Fig. 5). 
The problem is to find the unknown time interval 
to—t 1, during which plain solvent must be injected 
to prevent two-phase behavior at some later time. 

When these fractions of the total solvent require- 
ment are put together into a single injection pro- 
gram, the solvent concentration at any later time t¢ 
and a distance x into the system will be-given by 


ts 
+ 
to 
t~ 
+ % erfc l= 
2,/D, (t-t, 
- % erfc 
(t-t4)J 


Negligible terms have been dropped from Eq. 11. 
The functions and cé(7—t2) are the transition 
zones as shown in Figs. 4 and 5.. These are given 
implicitly by Eq. 10 as indicated under Step 1. The 
time variable 7 is a dummy integration variable, 
and the function F(7) is 
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FIG. 5 — STABLE GAS-SOLVENT TRANSITION ZONE, 
LONG-CORE FLOOD. 


F(r) 
1 (t-7 )3/2 


exp 
D 


In a similar way, gas concentration is given by the 
following equation. 


=r erte | 2 


at 


Oil can be obtained by difference because the sum 
of all fractional concentrations must be one. 

Starting with any reasonable estimate for the 
time tg, trial-and-error procedures will lead to a 
solution. For example, let t be the time required 
for the flood to progress through the entire system. 
Using a trial value of tj, compute c and cg for a 
number of positions x. If all ¢ and c, values cor- 
respond to a single fluid phase, the trial ¢2 over- 
estimated the amount of solvent needed. A smaller 
ty should then be used. On the other hand, the data 
could indicate that two fluid phases would be pres- 
ent at some point in the system. This shows a need 
for more solvent and a larger value of tg. The final 
time difference that proves satisfactory, tg — ty, 
will indicate the shortest time for which plain sol- 
vent can be injected between leading and trailing 
transition zones while maintaining single-phase 
behavior throughout displacement. The result, to — 
t; = 0, can be a correct answer for this problem and 
often may be a useful starting value for fp. 

Phase behavior for the example system is indi- 
cated by the data in Table 2. These data lead to 
the injection profile of Fig. 6 (Part A) that will 
remain both stable and in a single fluid phase 
while traveling 40 ft through the example long-core 
system. This profile contains less than 8 per cent 
of a pore volume of solvent. The appearance of the 
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profile after traveling 40 ft is shown by Part B of 
Fig. 6. Just a trace of oil in the gas-solvent transi- 
tion region is enough to reach the miscibility limit. 
Everywhere except at the single indicated point 
the mixture is safely within the single-phase region, 
even though no region of pure solvent remains. 
Step 3 

The final step is to see how much, if any, flow 
rate can be increased with time. As the flood pro- 
gresses, dispersion spreads out the solvent bank. 
Smaller concentration gradients should permit higher 
rates. The appropriate generalization of Eq. 7 for 
the critical rate becomes the minimum positive 


value of 
u* =4= 
Ox 


Oc Ox 

D3 

“6 
oc Ox Ox 


Eq. 14 includes the assumption that a = 0 and is 
valid for one-dimensional flow. It allows for the 
effect of dispersion in stabilization, which is an 
addition to Eq. 7, and also allows for a three- 
component fluid. 

The function u* from Eq. 14 for the slug profile 
of Fig. 6 at 40 ft is plotted in Fig. 7. Because u* 
is a limit function, Eq. 14 gives the limiting rates 
(from a possibly large range of rates as shown in 
Fig. 7) for which the displacement is stable. Thus, 
the shaded areas represent rates for which the cor- 


[B? + n272] 


responding part of the profile of Fig. 6 (Part B) is 
stable. As shown in Figs. 6 and 7, the critical rate 
is determined near the leading edge of the solvent 
bank. This is the smallest positive value of u* ob- 
tained from Eq. 14, as shown by the data in Fig. 7. 
Negative rates calculated from Eg. 14 have no 
meaning. For the example data, the critical rate is 
about 2 ft/day, and a gradual increase in rate through- 
out the displacement is possible. 


TABLE 2 — LIMITING COMPOSITIONS FOR MISCIBILITY, 
EXAMPLE THREE-COMPONENT SYSTEM 


If Is Must Be> Must Be < 
1.00 0 0 
0.97 0.0291 0.0009 
0.94 0.0582 0.0018 
0.92 0.0774 0.0026 
0.90 0.0966 0.0034 
0.89 0.1062 0.0038 
0.88 0.1157 0.0043 
0.87 0.1251 0.0049 
0.86 0.1344 0.0056 
0.85 0.1435 0.0065 
0.84 0.1524 0.0076 
0.83 0.1611 0.0089 
0.82 0.1695 0.0105 
0.81 0.1777 0.0123 
0.80 0.1854 0.0146 
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FIG. 6 —(A) MINIMUM SLUG INJECTION PROFILE 
AND (B) RESULTING PROFILE AT 40 FT, 
LONG-CORE FLOOD. 
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USE OF STABIEIT Y THEORY" 
TWO-DIMENSIONAL FLOW 


A mathematical solution to the problem of two- 
dimensional, stable displacement behavior has been 
obtained! for a set of reasonable assumptions. The 
present section of this paper shows an example re- 
sult which makes use of this solution. The example 
reservoir is linear, 10-ft thick and has a 10° dip. 
The flood rate is 1 ft/day. Other properties are 
given in Table 1. While profiles are useful in de- 
picting one-dimensional flow behavior, two-dimen- 
sional flow is best illustrated as a solvent concen- 
tration ‘‘wave’’. Any cross section through the wave 
then gives a concentration profile. If fingering did 
not occur, therefore, the advancing solvent can be 
pictured as the wave shown in Fig. 8. Fig. 8 is an 
oblique view illustrating the shape of the wave after 
it travels 1,600 ft. Concentration is plotted along 
the vertical axis. The positive x-direction is to the 
right and the positive z-direction into the page; 
thus, the view is the same as if the reservoir were 
tipped on its side, For clarity, z-distances are also 
magnified relative to x-distances. Concentration 
profiles parallel to the direction of flow are given 
for distances of 0, 2.5, 5, 7.5 and 10 ft abovethe 
lower reservoir boundary. 

Similar calculations reveal that, at the short dis- 
tance of 100 ft, lateral dispersion has had almost 
no effect at all. The effect gradually increases, 
until at 6,400 ft the solvent wave is completely 
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smeared out in the (vertical) z-direction. As shown 
in Fig. 8, some segregation persists at 1,600 ft. 
The regions stable to a cos my cos mz disturbance 
are cross-hatched in Fig. 8. These exclude large 
regions of intermediate concentration with high 
concentration gradients in the x-direction. The 
steepest gradients in the z-direction occur near the 
center of the system. Here the stabilizing influence 
of gravity is felt most strongly, and the thickness 
of the unstable region is reduced to a minimum. 

It is unlikely that displacement could occur with- 
out fingering when unstable regions persist as 
shown by Fig. 8. The perturbation considered has 
a wave length of 2 ft. This is equivalent to con- 
sidering the example 10-ft section of reservoir as if 
it were made up from a stack of similar 2-ft thick 
sections. Within this stack, similar inhomogeneities 
would be (at most) 2-ft apart. Although each geologic 
formation must have its own pattern of variability, 
such values would seem to be reasonable for many 
natural oil-reservoir rocks. We conclude that, for 
stability and for maximum efficiency, the flood de- 
scribed above should have been conducted under 
more restrictive conditions. A relatively high oil 
viscosity of 10 cp was included in the assumptions 
for this example, however. A more suitable reservoir 
would contain lower viscosity oil. For example, with 
2-cp oil and no change in the other properties, dis- 
placement would be stable except during an early 
period of high concentration gradients. Provided 
initial problems could be overcome, efficient dis- 
placement would become practical. 


SIMPLIFIED METHODS FOR 
USE Or THEORETICAL RESULTS 


The principles outlined in the preceding sections 


can be applied to any reservoir problem, no matter 
how complex the flow pattern may be. A more exact 
theory could have been developed by starting from 
a more detailed mathematical picture of flow within 
an imperfect system. This would add complexity, 
however, and does not at present appear justified. 
Economics will usually dictate just how detailed 
a useful theory should be. For some purposes it 
would seem that even simpler methods than those 
presented could be adopted; therefore, we will dis- 
cuss several useful simplifications. 


EQUIVALENT LINEAR SYSTEM 

Whatever the detailed pattern of a field-scale 
flood, a useful approximation is as an equivalent 
rectangular system in which flow is linear. That is, 
rows of injection wells and production wells are 
replaced by lines drawn to connect members of a 
row across the system. The distance between in- 
jection and production lines drawn in this way then 
is chosen to represent the path length along which 
dispersion mixing will occur. Thus, the mathematical 
problem is reduced in crude fashion by one dimen- 
sion, and the methods presented herein become 
applicable. Growth of the transition zone during 
stable flow is related approximately to the square 
root of the distance traveled. Thus, to minimize 
solvent requirement, a single slug should be made 
to travel the entire length of a long and narrow 
system. 


EXTENDED ‘‘RECTANGULAR”’ SLUG 

Although the concept of the injection of a solvent 
gradient is sound, many practical problems are 
involved. These may make further consideration of 
abrupt injection of solvent worthwhile. Fingering is 
almost certain to follow such an abrupt change and 
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will increase the solvent requirement. The question 
is, how much should such an excess be? 

The first step toward a useful approximate an- 
swer is to compute the time required to inject a 
minimum-solvent transition zone, as given by Eq. 
10. In place.of the gradient, however, plain solvent 
is to be injected for the same total length of time. 
Thus, the solvent injection profile becomes rectan- 
gular in shape and contains a solvent excess that 
depends in an appropriate way on the degree of in- 
stability. This makes a reasonable allowance for 
instability. Miscibility calculations for a rectangular 
slug with stable flow become particularly simple. If 
fingering ensues, however, the computed results 
could be in serious error. The excess solvent in- 
jected because of instability will be lost. A proper 
way to approximate the extended slug requirement 
is as‘follows. 

Step 1 

When the injected concentration profile is rectan- 
gular in shape and dispersion is the mixing mech- 
anism, solvent and gas concentration equations 
reduce to 


ot 
|—=—| 


x~ug(t-t') 
2ND, (t-t’) 


x-ug(t-t') 
2Nv, (t-t’) 


=% erfc 


The first step is to compute ¢ and Cg, using Eqs. 
15 and 16 for various positions x within the transition 
zone. The time t’ is the time for which plain sol- 
vent is assumed to have been injected. Trial-and- 
error procedures are used to find the smallest time 
t’ for which all portions of the solvent slug will 
remain miscible until it has reached the end of the 
system. 
Step 2 

Compute from Eq. 10 the total time required to 
inject a stable solvent-oil transition zone. Repeat 
the computation to find the time to inject a gas- 
solvent transition zone. The function gj will differ 
for the two computations. 

Step 3 

Take one-half the sum of the transition-zone times 
from Step 2 and add this to the minimum time ¢t’ 
found under Step 1. The total is the estimated time 
during which solvent alone should be injected to 
form an extended rectangular slug. It includes an 
allowance for instability. 


GRAVITY SEGREGATION 
The two-dimensional result in Fig. 8 shows the 
behavior of a stable concentration wave after it has 
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traveled a substantial distance. During earlier 
stages, a large amount of ‘‘extra’’ solvent appears 
necessary because of gravity segregation. For the 
example data at a distance of 6,400 ft, however, 
the profile proved nearly uniform in cross section. 
In addition, it was spread out in the direction of 
flow little more than it would have been had true 
one-dimensional flow and dispersion prevailed. 

We conclude that no allowance for gravity segre- 
gation is required when a solvent bank is to travel 
as much as 1,000 times the bed thickness. In such 
cases the problem can be reduced to one dimension. 
This does not apply to shorter, thicker systems for 
which solvent may tend to override the oil. These 
require detailed study. 


CONCLUSIONS 


A theory of stability in miscible displacement of 
oil by a solvent has been presented. Application of 
the theory leads to the definition of limiting condi- 
tions for stable miscible displacement, such as a 
minimum slug size. The criteria that must be satis- 
fied are miscibility and stability. Stability means 
that no viscous fingering will occur and that mixing 
will be caused only by dispersion. Miscibility means 
that complete recovery in the swept regions will be 
obtained. Thus, for any specified set of reservoir 
conditions an optimum use of solvent is defined. 
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The Development of Stability Theory for 
Miscible Liquid-Liquid Displacement 


RICHARD L. PERRINE 
MEMBER AIME 


ABSTRACT 


A stability theory is developed for miscible liquid- 
liquid displacement within a porous medium. In the 
usual case considered, a high-density high-viscosity 
“oil’’ is displaced downdip by a low-density low- 
viscosity ‘‘solvent’’. Perturbation methods are used 
to find the conditions under which the spreading 
mechanism changes from the stable dispersion 
process to unstable viscous fingering. We find that 
instability is conditional, that there is a dependence 
on the shape of a disturbance leading to a‘‘diameter’’ 
effect and that very difficult experimental scaling 
problems may result. A useful consequence is the 
definition of a minimum “‘slug size’’ for stable mis- 
cible displacement. This should make possible op- 
timum use of the solvent process for oil recovery. 
The results may apply to many situations in which 
one fluid displaces another of somewhat different 
fluid properties within a porous medium. 


INTRODUCTION 


The process of miscible liquid-liquid displace- 
ment looked very favorable when it first received 
serious consideration as a means to increase pe- 
troleum recovery. Some early laboratory results 
were interpreted to mean that only a small ‘‘slug’’ 
of solvent was needed, perhaps 2 to 3 per cent of 
a hydrocarbon pore volume. This ‘‘slug’’ could re- 
cover the oil in an entire reservoir provided the 
fluids remained miscible.!»? Only a slow growth of 
the ‘mixing zone’’, or gradual transition from oil 
to solvent, should occur. This would follow natur- 
ally from mixing by a dispersion mechanism such 
as that described by Scheidegger.3 And, indeed, 
laboratory cores have shown this kind of behavior 
provided solvent viscosity was at least as great as 
that of the oil.2»4-© The same kind of behavior has 
also been observed with solvent viscosity lower 
than that of the oil after the distance traversed be- 
came large. Not all laboratory results have been 
this favorable, however.’-? Mixing zone growth may 
become proportional to the distance traveled rather 
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than the square root of this quantity. Such behavior 
accompanies high rates in short systems of large 
diameter, provided the viscosity ratio is adverse. 
If this more rapid spreading were to persist in a 
reservoir, the solvent requirement for miscible 
“‘slug’’ displacement could exceed 30 per cent of a 
pore volume. There is considerable economic im- 
portance in the difference between 3 and 30 per 
cent solvent. 

A logical conclusion is that two different kinds 
of flow behavior are possible, with each kind lead- 
ing to a different result. One kind gives efficient 
displacement, the other does not. In the efficient 
case, the solvent bank spreads out only by the mech- 
anism we have termed dispersion. Under these con- 
ditions, displacement is as near piston-like as 
possible. In the second kind of flow, found only 
with adverse viscosity ratios, viscous fingering 
occurs. That is, permeability variations cause a 
small finger of low-viscosity solvent-rich fluid to 
move ahead of its average position within the mix- 
ing zone. This creates a path of low resistance to 
flow, and an even greater amount of solvent-rich 
fluid follows. Thus, the process is autocatalytic. 
Once started, the fingering mechanism rapidly be- 
comes dominant. 

The question to be answered is this. Under what 
conditions will each of these two different kinds of 
flow occur? In particular, what conditions denote 
the transition from dispersion to viscous fingering 
as the solvent spreading mechanism? The answer 
may tell us whether or not the desirable, near piston- 
like miscible displacement process is practical. An 
answer to this problem can be obtained from theory 
by the use of perturbation methods. The procedure 
is as follows. We first formulate a mathematical 
representation of the system. Then a small disturb- 
ance (or perturbation) in solvent concentration pro- 
file is introduced and observed to see what happens. 
Unstable flow is indicated when a small disturbance 
will grow larger. This will lead to eventual viscous 
fingering. If on the other hand the disturbance dies 
out, the displacement is stable. In this latter case, 
with dispersion as the spreading mechanism, near 
piston-like displacement is possible. 

Thus, this paper presents the development of a 
stability theory for miscible liquid-liquid displace- 
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ment. The problem differs from immiscible displace- 
ment theory in that no interface between fluids 
is involved. The results are important because they 
state the limiting conditions required for efficient, 
stable miscible displacement of oil by a solvent. 
Thus, they determine a minimum ‘‘slug’’ size. The 
results are optimistic to the extent that only small 
disturbances in an otherwise ideal system are con- 
sidered. A less ideal system could only lead to less 
favorable. results such as the requirement of addi- 
tional solvent, When the required conditions prove 
impractical, the reservoir is not suited to the mis- 
cible ‘‘slug’’ process. An alternative recovery 
method should then be used. 


APPLICATION OF PERTURBATION METHODS 


Mathematical description of stable miscible dis- 
placement involves two transport mechanisms — 
flow, and what we will term ‘‘hydrodynamic dis- 
persion’’ 3,11-16 While such concepts as flow and 
diffusion are well understood, dispersion is rela- 
tively new. Thus, a brief description is included. 
The reader is urged to consult the references for 
thorough, rigorous development. 

We consider a system that is semi-infinite in the 
x-direction, infinite in the y-direction, and bounded 
at z°=0 and z’=L in the z-direction. The x-axis 
is rotated to a negative angle 0 below the horizontal. 
Flow is one-dimensional in the positive x-direction, 
and the respective dispersion coefficients are 
assumed constant. Fluid density is a linear func- 
tion of solvent concentration, while viscosity de- 
pendence is exponential. Although not necessary, 
these assumptions give simplicity with little loss 
in generality. The fluids are assumed incompres- 
sible, and the system homogeneous in its properties. 

We will use the following notation, where primes 
indicate actual variables and unprimed quantities 
their dimensionless equivalents. 


e 


v'/ug, /ug, p = kp’ /Lu 


Dy = Dy‘/Lug, Dz = Do'/Luy = D3'/Lug 


Ng > CUG. 


The space co-ordinates, thus, are x, y and z, and 
t is the time. The linear displacement velocity for 
stable displacement is ug, while po is the fluid 
viscosity at zero concentration and c is the frac- 
tional solvent concentration. Velocities in the x, 
y and z directions are u, v and w. These velocities 
are volumetric flow rates per unit cross-sectional 
area and per unit porosity. P is pressure, k per- 
meability, p density, g the acceleration of gravity 
and ¢ porosity. Dispersion coefficients are denoted 
by D, and letter subscripts are used to denote par- 
tial derivatives. 

To help visualize. the way in which fluid moves 
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through porous rock, it is convenient to think of 
the fluid as if it existed in many separate fluid 
‘*elements’’, each bounded by an imaginary surface. 
Thus, it is possible to discuss the motion of a 
single element much as if it moved independently 
of all others. Thinking this way and recognizing 
that porous materials are homogeneous only in a 
gfoss sense, at any time some elements will be 
moving faster than others. The relative speed will 
vary with local pore geometry. Thus, of many pos- 
sible paths leading downstream, some will prove 
to be much faster on the average than others. An 
element entering a fast path will travel further in 
a given period of time than the average of all such 
elements. But there must also be some slower than 
average paths. The net result is that a cloud of 
fluid elements starting out together will become 
spread out, or dispersed, both in the direction of 
flow and to the side. A few will end up far down- 
stream, a few will move very little and most will 
travel at nearly the average rate. This spreading 
is what is termed dispersion. 

The several theoretical treatments of dispersion 
that have been given3,11-16 Jead to a common re- 
sult: to a good approximation, the dispersion pro- 
cess is mathematically described by the diffusion 
equation with constant dispersion coefficients 
(units of a diffusion coefficient). Dispersion coef- 
ficients in the direction of flow (axial) and at right 
angles (lateral) may differ substantially.15-17 At 
some low rate, the dispersion process necessarily 
reduces to molecular diffusion. Thus, the descrip- 
tion of stable miscible displacement requires a dif- 
fusion-type equation for solvent continuity, an 
equation for continuity of velocity and Darcy’s law 
for the equations of motion. In terms of the stationary 
dimensionless co-ordinates (x,), these become 


+ uc, + ve, + we, = 


u + + (kpg sin @)/upud = 0 


w + + (keg cos = 0 


DEVELOPMENT OF PERTURBATION EQUATIONS 
There are two kinds of displacement — stable 
and unstable — so that we are led to ask the fol- 
lowing question. Which kind of flow is more likely 
to occur, and under what conditions? Mathemati- 
cally, the problem can be stated this way. Suppose 
there is a quantity C which represents solvent con- 
centration for stable flow. It is a solution of Eqs. 
1.1 through 1.5. Suppose also that the actual sol- 
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vent concentration c differs just slightly from the 
barred quantity. Will c then change toward © or 
away from it? 

This problem can be pictured for a hypothetical 
system by drawing contours along which concen- 
tration remains constant. Fig. 1 shows such a 
visualization for a two-dimensional system. Initi- 
ally, all contours parallel the z-axis in an ideal 
System, as shown in Part A. This corresponds to 
stable behavior. A more natural kind of behavior is 
shown in Part B of Fig. 1. Rather than being straight, 
the contours contain small disturbances, or pertur- 
bations, such as would result from the normal 
variation of properties within a real system. When 
instability occurs, any small disturbances (as in 
Part B) may grow and acquire a finger-like shape. 
This result is what is shown in Part C. 

Thus, the dependent variables in a real system 
(including small perturbations) are denoted by a 
set of equations of the form given by Eq. 2.18 


= + en (1) + + e e e 


> 


7) = Cc, u, Vv, wv, P 


Each barred quantity represents a stable displace- 
ment result, such as is shown in Part A of Fig. 1. 
These are solutions of Eq. 1.1 through 1.5. The 
remainder of Eq. 2 represents the perturbation. If 
Eq. 2 is also to be a solution of the equations of 
Eq. 1 with an arbitrary small ¢, after substitution 
the coefficients of «* must vanish separately for 
each n. Thus, from the coefficients of «1 = «, we 
obtain the first-order perturbation equations. 


1 i 1 1 


+ uc 1) we 1) + 
u (1) + ov (1) w 1) = 0 BD) 
dc 


Ko 


Ho k dp cos @ 


de 
The dispersion coefficients D1 and D3 are consid- 
ered to be unaffected by the perturbation. This is 
not strictly correct because they depend on the 
displacement velocity. For cases of interest, how- 
ever, flux by dispersion is a small fraction of the 
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(A) FROM STABLE FLOW 


x— 


(B) THROUGH SMALL ‘PERTURBATIONS 


(C) TO DEVELOPMENT OF GROSS 
VISCOUS FINGERING 


FIG. 1— GROWTH OF FINGERING AS SHOWN BY CON- 
TOURS. 


total. We considerably simplify the problem by this 
neglect of a second-order effect. 

So long as discussion is restricted to the first- 
order theory, the superscripts (1) for the perturbation 
variables can be dropped. The bar is retained to 
designate the properties of the stable displacement. 
At this point, we also make use of several assumed 
properties of the linear stable flow: u=1, v=w= 
0, cy =0. Transforming to moving space co-ordinates 


x =x, -—t, we obtain as the perturbation equations 
+ c,u + c,w = 0 
(Ho/E)py = 0.. (AEA) 
w+ + C= (4.5) 
where the functions g (of €) are defined by 
kg do sin 
ode 
dc 


Because the set of equations of Eq. 4 are linear, 
an arbitrary initial perturbation is readily expressed 
as the sum of its Fourier components. This assumes 
that conditions of convergence and differentiability 
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= 


are met. The equations of Eq. 4 describe the de- 
viation of a small perturbation from stable behavior. 
Higher-order perturbation theory can be applied for 
larger disturbances by also considering variables 
with superscripts of two or higher. 


SOLUTION OF THE PERTURBATION EQUATIONS 

Linearity of the equations of Eq. 4 also means 
that the solution for an arbitrary perturbation will 
be the sum of solutions for the individual Fourier 
components. Thus, we need only study separately 
the behavior of particular complex Fourier terms. 
One such follows. 


n = 7% exp [if(x,y,z,t)], 


wie 


yz; 0) = Ax + By + 

It is understood that the physical quantities repre- 
sented by Eq. 6 are real. Substituting in the equa- 
tions of Eq. 4 from Eq. 6, 


+ Ds + D, 


if,@ + + if,w = 0... 


In matrix notation, these equations are of the form, 
AY = 0, which requires either that the column vector 
¥ is zero or that |A| = 0. Thus, we obtain 


{lif, - WD, We yy fas + 


EP + + (E+G)f? = = 
E, G are defined as 
G =< 81 


The solution f(x,y,z,t) to Eq. 9 must satisfy the 
initial condition, Eq. 7, and also the boundary con- 
ditions 


Real 0 
Real w = 0- 


To solve Eg. 9, we assume that the function can 
be expanded as a Taylor series. This requires that 
the complex variable / be an analytic function. If / 
is also to satisfy Eq. 7, 
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f(x,y,z,t) = ax + By + + 


+ 2f2,(z-z, 


The superscripts o indicate that the coefficients 
are to be evaluated at the point (x9,Yo,2%0,0). We can 
similarly expand the known functions E, F and G of 
the stable solution. For example, 


(x—x,)t 


+ 2E>,(2-z 


After taking a eee derivatives, the results 
are substituted in Eq. 9. For / to be a solution, the 
coefficients of each term in (x—xQ), (x—X)t, t4, etc., 
must vanish. This leads to an infinite sequence of 
algebraic equations. In terms of the functions, 


§72 = (a2 4 B2 


+ (B2 4 


The first of these equations are 


+ Ds + 872 (aF° + 
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Before proceeding further, it is worthwhile to 
note several facts. First, if perturbation growth re- 
quires that the higher-order theory be considered, 
these higher-order terms will contribute a higher 
gtowth rate. For example, if a term in the first-order 
solution grows initially at the rate exp (bt), there 
will be a corresponding part of the second-order 
solution initially proportional to exp (2bt). Thus, 
any gtowth implies rapid growth, and it is sufficient 
to follow the behavior of the system for a short time. 
The behavior must be known at every position, how- 
ever. Because we know the functions H for every 
position (xo, Yo, 29), the results are conveniently 
expressed as the family of particular solutions 
f(Xo:¥o:%,t). The Taylor series then simplifies to 
a series in time ¢t only, from which we need at most 
a few terms. 


The first two coefficients of t are given by Eqs. 
15.1 and 15.5. 

Thus, the first-order perturbation solution can be 
expressed in the following form, as for concentration. 


c = ¢ exp (iax + ify + innz + iy;t) 


in which the ‘phase shift’’ coefficient yy is given 


by 


m 


and the ‘‘stability’’ coefficient yp is given by 
00 


i¥p = Imaginary| (mf 
In terms of the function values given in Eqs. 15.1 
and 15.5, these are 


Yr {He [2a Dy + (2a E°+ 


+ (aF° + 
= [a2 D, + (2 | 


The parameters a, 8 and n characterize the initial 
perturbation, as do the functions E°, F° and G® the 
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initial state of the corresponding stable displace- 
ment. 

We wish to find from Eq. 17 the conditions under 
which the perturbation becomes smaller in time. 
Because € is constant and the complex exponential 
is limited in magnitude to one, stability does not 
depend on them at all. The important factor in de- 
termining growth is the exponential term that remains 
and which, in turn, depends on the stability coeffi- 
cient yp. For stability to be assured, each such 
coefficient of time in the Fourier series must be 
positive. This will guarantee that each term grows 
smaller with time. If so much as a single value of 
YR were negative, a small disturbance could grow 
at an exponential rate and eventually lead to viscous 


fingering. This means that only the least stable 
term of the original, complete Fourier series need 
be considered. If this one term with minimum yp 
gtows smaller, all other terms will do the same. 

A study of the functions involved will show that 
stability can arise from several sources. For exam- 
ple, gravitational forces can offset viscous forces 
under some conditions and provide gravity stabili- 
zation. In other cases gravity may not be quite 
sufficient, but the additional effect of dispersion 
may keep yr positive. This second case is dispersion 
stabilization. Stability is determined by the interplay 
of forces so that behavior changes with different 
displacement conditions. However, even the most 
general problem can be reduced to determining the 
sign of the coefficient of time in an exponent. 

To repeat the reasoning we have followed, sup- 
pose we are given an arbitrary initial disturbance. 
A complete description of flow behavior would re- 
quire solution of nonlinear partial differential equa- 
tions in which coefficients (such as the flow rate) 
depend on the solvent concentration answer. In fact, 
for some conditions we may even be uncertain as to 
what equations will eventually be required to de- 
scribe the behavior. But before it can die out, any 
disturbance must first become small enough for our 
linearized theory to apply. Giving this small dis- 
turbance a Fourier series representation, any un- 
stable terms with negative y would grow rather than 
die out, although there would be deviations from 
the predicted growth for moderately large amplitudes. 
The limiting conditions for stable miscible displace- 
ment can be specified after consideration of all 
possible modes of disturbance. 

It is possible to have borderline instability with- 
out viscous fingering. If growth is slow enough, a 
return to stable displacement is possible before 
any macroscopic fingers are formed. Substantial 
growth will accelerate divergence, however. Per- 
haps the true condition for prevention of viscous 
fingering in a natural system is that the disturbance 
must die out before it travels past a second pertur- 
bation source. However fingering is defined, it is 
experimentally easy to show that, once formed, 
fingers cause a radically different displacement 
mechanism.® This less efficient mechanism is like 
immiscible displacement with no interfacial ten- 
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sion’»8 so that, given enough solvent, almost all 
oil can be recovered. 


SOLUTION FOR STABLE DISPLACEMENT 


The perturbation parameters y and yp defined in 
the preceding section are functions of the stable 
behavior ¢ through their dependence on the functions 
E°, F°, G° and H®°. Thus, we anticipate that any cri- 
teria for stability will depend strongly on the appro- 
priate kind of stable behavior. To interpret the re- 
sult implicit in Eq. 17 will require a reasonably 
general form of the solution ¢ for stable behavior. 

In most cases of stable displacement, gravity 
will be very important. Coupled with the effect of 
dispersion, gravity must prevent viscous fingering. 
The flow will then be very nearly parallel and there 
will be a nearly horizontal ‘‘mixing zone’’ between 
the solvent and the displaced fluid. This will be 
broadened from an ‘‘interface’’ by the effects of 
dispersion. Thus, in the mathematical description 
we assume parallel flow, or flow in the x-direction 
only. Dispersion occurs in both x and z directions, 
with the behavior independent of y position. 

Any boundary condition that may be suggested 
for the inlet end of the system, x =—t, can be ques- 
tioned. We select one which in the absence of dis- 
persion would result in a horizontal interface, sta- 
tionary in a moving co-ordinate system. Thus the 
equation to be solved and its boundary conditions 
are 
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For 0S tS -cot @: 
lam, ¢c(x,2-h,t) = 1; 
while, for t > —cot 0: 
where 
h=l+ttan -7/9< 6<0........(20.6) 


The time ¢ is the time for which displacement at 
the constant linear velocity ug has been maintained. 


Disregarding the effects of dispersion, these 
equations describe the kind of behavior illustrated 
in Fig. 2(A) for a time t <—cot 0. A similar descrip- 
tion is given by Fig. 2(B) for times t > — cot 0. For 
the special case where 6 = — 7/2, the system re 
duces to a one-dimensional problem with step- 
function input. 

This boundary value problem can be solved by 
construction of an image system that implicitly 
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FIG. 2—STABLE DISPLACEMENT SOLUTION WITH NO 
DISPERSION— (A) ¢ < — COT (B) t >—COT 
6. SHADED AREA REPRESENTS SOLVENT. 


makes use of the Green’s function for the solution !9 


and separation of variables, We construct an ‘‘ex- 
tended’’ system of mirror images of the real system. 
This implies the extended definition of gravity g 
and dip angle @ in the equations of Eq. 1 as the 


following anti-periodic functions. 


g(z) =-g,6(z) =-0,1 < z < 2.....(21.2) 


A new boundary condition for Eq. 20.1 then replaces 
Eg. 20.4 so that, for 0 <t <-—cot 80, 


lim = 10 


L n= aE e 


The remaining equations apply as before. The ex- 
tended system is such that its solution automati- 
cally satisfies the conditions contained in Eq. 20.3. 
Summing the point-source contributions throughout 
the extended system and solvent ‘‘reflected’’ from 
the x =—t¢ boundary, we obtain as the stable solu- 
tion 


0 
c(x,z,t) = Z(z,t,h) exp (-w2) dp 


+%erfe [(x-cot 6)/2 VG + cot @)] 


0 
+ Jf Zl2, exp (-d2) = dd 


+% exp [(x + t)/D,) erfc [(x + 2t 


+ cot + cot (22.1) 


where 


SOCIETY OF PETROLEUM ENGINEERS JOURNAL 


A 
Cel 
=S 
B 
Z 
x 


wtp) = [x-(1-4) cot 6/2, /D,[t + (1-P)cot 4 


Mo) = [t+(1-d) cot 


(z,t,d) = 2( 477)" an +2-P-2 


[t+(1-p)ctné] 


When @ = — 7/2, we obtain the important special 
case corresponding to injection of a step-function, 
for which the solution reduces to29 


x 
c(x,t) erfc 
2ND, 


+ % exp erfc 
2D, 

Laplace transform and arises naturally for a verti- 
cal displacement. However, it also applies when 
the injection rate is high enough for viscous forces 
to be dominant with any angle 0. In this latter case, 
dispersion must be the stabilizing mechanism, which 

may severely restrict the range of applicability. 


PROPERTIES OF THE 
PERTURBATION SOLUTION 


At this point it is convenient to note some of the 
properties of the perturbation solution and their 
relation to the real initial perturbation. Suppose 
that we had started with the real disturbance, 

c\x,y,z,0) = 2 cos ax cos fy cos n7z 


ing all combinations of wave numbers (+ a, + 8, +77). 
The properties of yp are such that 


Yplia, $8, + nm) = ¥ (<a, —n77) 


Ypita, +8, - nt) = Ypl-a, +8, + ) 


Similarly, we can show that for y, 
yr(+a +8, + nv) = ~ th, 
+8, = - y;(-a, +f, + nm) 
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Thus, the complex exponentials resulting from Eq. 
23 recombine into two families of cosine terms, in 
general with different damping and phase shift. 


¢,; = cos fy cos laxtn7z+y7(a,n7) t] 


exp) (a, nm) t) (2521) 
Con CO's By cos lax—n7z+y7(a, -n7) t] 


The extended system described under ‘'Solution 
for Stable Displacement’’ is also useful for study- 
ing boundary conditions on the perturbation. Take 
an initial perturbation from the cy family, cos By cos 
(ax +n7z). The part of this disturbance lying within 
the real system, 0 < z < 1, has as its mirror image 
in the right-hand adjacent strip 1 < z < 2 a member 
of the co family, given by Eq. 25.2. That is, for 
any point z; and its geometrical image zg = 2—z), 


cos ) = cos [ax—n7(2z 1)] 


cos (ax+n772z 1-27) 
cos (ax+n77z 1 ) 


-»(26.0) 


But the stable solution for ¢ (Eq. 22) has similar 
image properties as a consequence of the anti- 
periodicity of the extended system. These are re- 
flected in the functions E° F° G° and H°. Thus we 
can show that, when an (a,—n7) perturbation and 
the corresponding stable solution from the 1<z<2 
strip are mapped into the 0 < z < 1 strip by reflec- 
tion, the result is identical to that for an (a, 7) per- 
turbation. This requires that the behavior of the 
superimposed systems remain the same for all time. 
We always have members of both families in any 
real solution; thus, perturbation flux into the bound- 
ary from the right is always equal in magnitude but 
oppositely directed to that from the left. This argu- 
ment is readily extended to any other ‘*boundary’’ 
z = integer in the extended system; in this sense, 
the boundary conditions of Eq. 11 are satisfied. 

Thus, the solution to the perturbation problem 
consists of two families of perturbation waves given 
by the equations of Eq. 25. Considered in the ex- 
tended system, these satisfy the first-order pertur- 
bation equations of Eq. 3 and the initial and boundary 
conditions. The effect of a boundary is to reflect 
the wave back into the system, with an image of 
the original in the extended anti-periodic system as 
the source of the reflection. 


SUMMARY OF THEORETICAL RESULTS 


We have shown in the preceding sections that 
there are two families of mathematical solutions 
for the equations describing growth of an initially 
small disturbance. Each solution contains an ex- 
ponential factor, exp (-yrt). The coefficient of 
time yp depends on the appropriate stable displace- 
ment behavior ¢ and also on the parameters a, B 
and n of the real initial perturbation term, cos ax 
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cos By cos nmz. For a displacement to be stable, 
the coefficient yr in each such exponent must be 
positive. Thus, it is sufficient to consider the 
particular term with minimum yr. No doubt the most 
important part of this particular term is the time- 
independent element, which determines the initial 
behavior of the disturbance. This is given by 


[a2 D, + 4+ nem + 2H°] 


a special case of Eq. 19.2 for which the terms are 
defined by Eqs. 6, 7 and 14. The functions used 
are to be evaluated at any point of interest (x9, ¥o,Zo) 
and at the initial time with respect to perturbation 
behavior, t =0. 

In terms of the stability coefficient yp, we can 
define a surface of neutral stability on which such 
a coefficient vanishes. When present, this surface 
divides the system into two parts — an exterior 
region where all yp are positive, and an interior 
region of higher concentration gradients within 
which at least one yr is negative. Thus, given an 
appropriate perturbation source, unstable fingers 
can grow from the interior region to dominate dis- 
placement behavior. For true stability, this interior 
region must be absent, in which case the surface 
yR = 0 does not exist. With time, the enclosed un- 
stable concentration range will shrink. This leads 
to the first of several important generalizations. 
CONDITIONAL INSTABILITY 

The first term in yr is a positive constant rep- 
resenting the stabilizing effect of dispersion. All] 
other terms depend on concentration gradients 
which must eventually become very small. This 
means that the only instability observed is a con- 
ditional instability—one which will disappear after 
a sufficiently long time. 

“WAVE LENGTH’’ DEPENDENCE 

The numbers a, B and n characterize the initial 
disturbance as the sum of a series of sinusoidal 
concentration waves. One effect of the constant 
term in yr is to make long ‘‘wave lengths’’ the 
least stable modes. Thus, stability is determined 
by the ‘‘fundamental’’ Fourier mode of an arbitrary 
initial perturbation, a term with small a, B and n. 
Provided the smallest of these numbers are large 
enough, the particular perturbation can be stable 
even though displacement is not stable in the gen- 
eral sense. 

“DIAMETER”? EFFECT 

Wave-length dependence is most important in 
laboratory-size systems. In laboratory cores, the 
longest wave length (which determines stability) is 
likely to reflect the size of the system rather than 
characteristics of the formation material. The im- 
portance of dispersion as a stabilizing mechanism 
is enhanced many-fold by such a reduction in maxi- 
mum wave length. This is shown when dimensions 
are introduced into Eq. 27 and the first terms ac- 
quire an inverse propottionality to L*, with L the 
width of the system. Experimental results showing 
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the indicated ‘‘diameter’’ effect have been obtained.? 


GRAVITY STABILIZATION 

We assume a normal case in which a low-density 
low-viscosity solvent displaces oil downdip. The 
function g; (from the equations of Eq. 5) then be- 
comes positive when gravity is dominant, and nega- 
tive when gravity is subordinate to viscous forces. 
The second function of the pair g3 is always nega- 
tive. If we consider a case in which both a and n 
are poSitive and gy is positive, gravity effectively 
stabilizes the mode. This can be shown through the 
defining equations (Eqs. 5, 10 and 14). 

Gravity dominance will not always lead to sta- 
bility, however, as can be shown for some combin- 
ations of parameters. In particular, gravity domi- 
nance naturally leads toward instability when the 
less-dense fluid displaces updip. 


MINIMUM SLUG SIZE 

The condition for neutral stability, yr = 0, also 
defines the minimum size of a solvent ‘‘slug’’ for 
stable displacement of oil. As an example, consider 
the simplified case for which the stable flow is 
one-dimensional, Cz = 0, and a for the perturbation 
is negligible. This latter corresponds to a perturba- 
tion extending almost indefinitely in the direction 
of flow, as could follow if it neither grew nor died 
out. With all other properties specified, we wish to 
define the maximum permissible solvent concentra- 
tion gradient, cx. In magnitude this is given by 


Maximum gradients occur at injection before any 
dispersion has occurred. Thus, Eq. 28 defines the 
steepest solvent concentration profile consistent 
with stability that can be injected under the pre- 
scribed conditions. 

Optimum use of solvent requires the smallest 
“mixing zones’’ possible. This implies the con- 
struction of a stable solvent slug by: (1) formation 
of a transition zone from oil to solvent, such as 
would be defined by Eq. 28 for example; (2) addi- 
tion of enough pure solvent to prevent later immis- 
cibility as aresult of dispersion mixing; and, finally, 
(3) formation of a second transition zone from sol- 
vent to gas. This final transition requires re-appli- 
cation of Eq. 28. The total quantity of solvent re- 
quired can be obtained by integration over such a 
contour, thus defining a minimum slug size. 


SCALING OF LABORATORY EXPERIMENTS 
Scaling rules for laboratory miscible displace- 
ment experiments have been presented by previous 
authors.©»21 Stability phenomena impose additional 
requirements that must be met if a laboratory flood 
is to represent particular reservoir conditions. For 
stable displacement, only the dispersion and flow 
relationships between systems need be scaled. 
We expect a similar simplification for a high de- 
gree of instability. Unpublished experimental data 
tend to verify this view. Near the limits of stabil- 
ity, however, both the degree and source of insta- 
bility must be matched in scaled experiments. 
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Inclusion of the very difficult requirement of scaled 
perturbation sources is a condition which may well 
make exact scaling impossible. 
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Effect of Oil Production Rate on Performance of Wells 
Producing from More Than One Horizon 


W. TEMPELAAR-LIETZ 
MEMBER AIME 


ABSTRACT 


The performance of a two-horizon depletion-type 
reservoir produced through combination wells is 
analyzed. By introducing some simplifying approxi- 
mations, it has been possible to obtain formulas 
which are easy to handle. Only ordinary differential 
equations are used, and the development of the 
analysis can be followed without difficulty by the 
non-specialist. A rigorous analysis has been made 
of this problem. It has been found that the approxi- 
mations introduced in the simplified analysis are 
fully justified and that errors seldom will be more 
than 2 per cent. 

The report shows the effect of the rate of with- 
drawal upon the relative depletion of the two hori- 
zons. Numerical examples are given. 


INTRODUCTION 


In its simplest form an oil reservoir consists of 
a continuous, homogeneous body of porous and per- 
meable rock, enclosed at the top and the bottom by 
impermeable material. The flow of fluid through 
such a reservoir has been the subject of numerous 
papers, and the mathematical analysis of well per- 
formance, pressure build-up, etc., has reached a 
high degree of refinement. One of the basic assump- 
tions introduced into these analyses is the homo- 
geneity of the reservoir. In non-homogeneous reser- 
voirs, these computations still can be carried out 
satisfactorily, provided small irregularities in the 
physical properties of the rock are distributed in a 
random fashion. 

The flow equations are derived as solutions of 


Paper originally published in 1953 as Shell Oil Co. report. At 
that time a search of the literature revealed no mathematical 
analysis of the production from a multiple-zone reservoir as 
herein described, Since then, the report has been referenced in 
later studies on related subjects, 

At the 34th Annual Fall Meeting of SPE in Dallas in 1960, 
the paper by C. S. Matthews, etal (page 43 of this issue of 
Soc. Pet. Eng. Jour.) was presented. A portion of that paper is 
devoted to a rather detailed analysis of the report, and it was 
felt that publication of the 1953 report might be desirable. 

Consequently, the author submitted this paper—essentially in 
its original 1953 form — for presentation at the Regional SPE 
Meeting in Pasadena, Calif. on Oct, 22-23, 1959. Subsequent 
constructive comments by the Society’s Transactions Editorial 
Committee are gratefully acknowledged and have led to modifi- 
cation of the text to its present form, 
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the continuity equation, and their solutions are 
dependent upon the assumption of many constant 
factors in the reservoir: permeability to oil, com- 
pressibility of the reservoir fluid, viscosity satura- 
tion, etc. When these are assumed to be constant, 
the continuity equation can be solved rigorously. 
When these assumptions do not hold and corrections 
are introduced, it becomes very difficult and often 
impossible to solve analytically. 

The present analysis is concerned with production 
from a two-layer depletion-type reservoir in which 
the layers have different permeabilities. Instead of 
using the continuity equation, results were derived 
from some simple physical ideas. In a single-layer 
reservoir in which the oil is at a pressure above 
the bubble point, the rate of production often has 
been assumed to be directly proportional to the 
pressure drawdown. In the simplified analysis it 
has also been assumed that the drop in average 
reservoir pressure is directly proportional with the 
cumulative withdrawal. These considerations in 
the past have been the basis of the analysis of 
reservoir performance and have been applied to a 
variety of problems, often with marked success. In 
the problem under investigation these relationships 
are shown to be compatible with the equation of 
continuity, but the approach has the advantage of 
leading to ordinary differential equations in which 
changes in constants can be introduced without 
making the analytical solution impossible. 

It has the additional advantage that it can be 
understood more readily by the large group of engi- 
neers who are not reservoir specialists. For that 
reason, detailed steps in the mathematical devel- 
opments have been shown in full. 


SCOPE OF ANALYSIS 


The analysis in this paper has been applied to a 
two-layer depletion-type reservoir in which both 
horizons are produced simultaneously in the same 
well. Because of the difference in permeability, it 
is obvious that the depletion of the two zones will 
proceed at different rates. For various problems it 
may be of interest to know the degree of depletion 
of the two zones at any arbitrary time and to in- 
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vestigate the possibility of affecting this relative 
depletion by operating practices. One of the main 
factors under control of the operator is the rate of 
withdrawal, and the effect of various rates upon 
the distribution of depletions is demonstrated. In 
the development of the analysis, some basic assump- 
tions have been introduced which now will be 
discussed. 


BASIC ASSUMPTIONS 


The following assumptions have been made. 

1. Each of the two layers producing simultaneously 
in one well has an equal (unit) thickness. The rea- 
soning followed in the computations should not 
change when layers of different thicknesses are 
assumed. 

2. The two layers have the same initial reservoir 
pressure, 

3. The P-V-T data of the fluids in the two reser- 
voirs are equal. 

4, The well under consideration is one in a regu- 
lar drainage pattern, and surrounding wells are pro- 
ducing at comparable rates. 

5. The structure is flat, and gravity effects can 
be ignored so that radial flow formulas can be applied. 

6. The reservoir is the depletion type. 

7. The present analysis is mainly concerned with 
the period in which the producing GOR is equal or 
close to the original solution GOR, up to the time 
that free gas starts moving; and, experience has 
shown that during that period the relationship be- 
tween pressure and cumulative production can be 
approximated closely by a straight line. In this 
analysis, it has been assumed that such a straight- 
line relationship does exist. 

8. Although the permeabilities of the two layers 
may differ widely, it often is found that the porosities 
show a random scattering. It has been assumed for 
this analysis that the average porosities of the 
layers are equal. 

This assumption will lead to a simplification of 
the formulas. For the case of different porosities, 
adjustments in the analysis easily can be made. 

9, The instantaneous rate of production is directly 
proportionate with the difference between the aver- 
age pressure of the reservoir and the producing 
pressure in the well. This assumption will be dis- 
cussed in detail in the Appendix. 

10. The drainage reservoirs of the individual 
wells are approximated by circles with radii equal 
to one-half the distance between the wells. 


MATHEMATICAL ANALYSIS 


Let it be assumed that a well is producing from 
two zones simultaneously, and let the two zones be 
referred to as Zone I and Zone II. 

The recovery per psi pressure drop for each of 
the zones will be represented by A barrels (Assump- 
tions 7 and 8). 

The proportionality factor according to Assumption 
9 will be referred to as the productivity index and 
will be represented by i for Zone I and i2 for Zone 
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Il. The nature of these i-values will be discussed 
further in the Appendix. 

The instantaneous rate of production from the 
two zones combined will be denoted by q B/D, and 
in this analysis it has been assumed that this rate 
is constant throughout the period under considera- 
tion. 

The original reservoir pressure is represented by 
P.; and at a time ¢ the average reservoir pressure 
in Zone I will be py; the average pressure in Zone 
II will be represented by p2, and the back pressure 
in the producing well by py, all expressed in pounds 
per square inch. 

At that time the cumulative production from Zone 


I will be equal to Q, = A(P, - ay) 


Similarly, for Zone II, * 
Therefore, the cumulative recovery from both zones 
at time ¢ can be represented by ak. 
Q=Q0,+Q0,=2AP, — A(b, + Po). 

Since it has been assumed that the well has produced 
at a constant rate of g B/D, 

The rate of production from Zone I at the time ¢ will 
be equal to 


1 


dt 
and because of Assumptions 6 and 8 
dp. 
t dt 
Similarly, for Zone II, 
dQ dp. 
dt dt 
Therefore, 
d d 
dt 
or ~~ 
iP, + + = 
so that 
WwW 
Substituting Eq. 4 in Eq. 2, 
dt +t, 
From Eq. 1, 
2P 
A 
or 
A 
Substituting Eq. 6 in Eq. 5, 
27 


A—*= >, - 
dt 
= 1. 
4 A 
or 
i, i 
dt A (i, + 7) A*(i, + i) 
Gi 21, % P 
A(t, +%) 
Let 
Dik, 
A (i, + 
AP (i, + 
q4,-21,58 C3 
A (i, + 
Then, 
dp, 
t 


This equation is linear and can be solved as fol- 
lows. Assume py = uv. 
dt dt dt 


Substituting Eq. 9 in Eq. 8, 


dv du 
C,w+C, = (0), 
dt dt 
dv du 
u(_— + C,v) + (v_+ C,t + C,) 5 (CO) 
dt dt 


One now can assume one relationship between u 
and v. dv 


dt 
Eq. 10 now can be written 
du 
dt 
From Eq. 11, Ab 
== 
1 
dt 


Substitution of Eq. 13 into Eq. 12 gives 
du 
dt 
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or 


so that 


Ct C, 


4’ 


in which C4 = constant of integration. 


With py =uv and v=e~C1# Eq. 14 can be trans- 
formed to 
C, 


C, =P _2 + 5 
2 
Cy C, 
Substituting the values for Cy, C2 and C3, 
q(t, 
At 4, 
Substituting the value of p, in Eq. 6, 
= = 
= 2 - —t 
A 
using the proper values, 
ty t 
2A 4i, 1, 


Eq. 17 gives the value of the average pressure 
in Zone II = pg at any given time ¢, and substitution 
of this value into Eq. 6 gives the corresponding 
value for pj. 


NUMERICAL EXAMPLES 


To illustrate the theory, numerical examples 
have been worked out. The following basic data 
were used. Porosity of reservoir rock = 0.200; water 
saturation S, = 0.300; oil saturation S$, = 0.700; 
compressibility of water C,, = 2.5 x 10-6 vol/vol/psi; 
and compressibility of oil Cg = 10 x 10°® vol/vol/ 
psi. 

Therefore, effective compressibility referred to 


Co + x Sw = 11.09 x 10-© vol/vol/psi. 
oO 
In the first example it is assumed that the original 
reservoir pressure was P, = 6,000 psi while the 
bubble point of the oil was Py = 3,000 psi. Further 
assumptions include: zonal thickness ) = 100 ft; 
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drainage radius rp = 500 ft; well radius Ty = 0.25 
ft; permeability Zone I ky = 100 md; and permea- 
bility Zone II ky = 10 md. 

Considering the period in which the reservoir 
pressure is still above 3,000 psi, Fig. 1 was con- 
structed. For this plot, the value of 11.09 x 10-6 
vol/vol/psi was used. It will be observed that, while 
in the early stages the rate of production from Zone 
I represents the bulk of the well’s production, grad- 
ually the production from Zone II increases while 
that from Zone I decreases. 

After having produced about 30,000 bbl from the 
well, each zone is contributing half the production 
of the well. It also will be observed that from that 
time the lines run practically parallel. Theoreti- 
cally, the lines should come together after an in- 
finite time. At the time Zone I reaches the bubble 
point, it will have produced a cumulative production 
of 65,000 bbl. If the well had-been producing at a 
rate of 100 B/D, Zone II would have produced about 
63,000 bbl, while at a rate of 500 B/D this recovery 
would be only 55,000 bbl. 

To demonstrate the effect of changes in one of 
the controlling factors, an expansion factor of 50 x 
10-© vol/vol/psi has been used. From about 100 
P-V-T analyses carried out by Shell, this figure 
represents a good average value for the expansion 
of oil in the first period after it passes the bubble 
point. 

Fig. 2, therefore, represents the performance of 
an oil reservoir that has the same properties as the 
one considered in the first case, with the excep- 
tion that the oil has a bubble point equal to the 
ofiginal reservoir pressure. Again considering the 
time that 65,000 bbl have been withdrawn from 
Zone I (maximum expansion oil of Case 1) it now 
will be seen that, if the well had been producing at 
a rate of 500 B/D, Zone II would have produced 
27,000 bbl or less than half of Zone I (Point Z of 
Fig. 2). 

No corrections have been made for the gradual 
change in relative permeability because both are 
changing downward and the magnitude of these 
changes for 100 and 10 md may affect the difference 
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FIG. 1—CUMULATIVE PRODUCTION FROM ZONE II 
VS CUMULATIVE PRODUCTION FROM ZONE L 
A =21.7 BBL/PSI; i; = 5.17 B/D-PSI; #2 =.517 
B/D-PSI. 
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in depletion one way or the other. In those cases 
where relative permeability data are available, 
corrections in the permeability can be made if con- 
sidered necessary. 


GENERAL REMARKS 


The analysis carried out in this paper essentially 
is based on steady-state flow. As such, it should 
find application in depletion-type reservoirs, i.e., 
in reservoirs with closed boundaries and in which 
no edge water encroaches. To verify the validity 
of this approach for the problem under consideration 
in which the relative rates of production from the 
two zones are controlled by continuously changing 
pressure conditions, the same problem has been 
solved rigorously. It has been found that, with the 
exception of the first few hours of production, errors 
of less than 2 per cent are introduced by the steady- 
state approach. 


CONCLUSIONS 


1, An analysis has been made of the performance 
of a depletion-type reservoir consisting of two hor- 
izons of different permeabilities, producing through 
wells penetrating both horizons. 

2. It has been found that simple formulas, based 
on steady-state conditions, lead to answers that 
are within a few per cent from the results of com- 
putations based upon transient conditions. 

3. It is demonstrated that the relative depletion 
of the two horizons can be affected to a large ex- 
tent by adjusting the rate of production from the 
well. 


NOMENCLATURE 
A = recovery in bbl per psi pressure drop for each 
zone 
Cw = compressibility of water, vol/vol/psi 
Co = compressibility of oil, vol/vol/psi 
f = porosity of reservoir rock, fraction of bulk 
volume 
h = zonal thickness, ft 
iy = productivity index Zone I 
9) A 
SALAS Be Ve 
2 AA 
4 
AAA 
= 
2000018 A tMoximum Expansion — 
WW WS Qil from Zone I 
4 
Q, Cum Prod. from Zone 1 ( bbl.) 
20 


60000 60,000 100,000 


FIG. 2— CUMULATIVE PRODUCTION FROM ZONE II 
VS CUMULATIVE PRODUCTION FROM ZONEI. 
A = 108.5 BBL/PSI; =5.17 B/D-PSI; 12 =.517 
B/D-PSI. 
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12 = productivity index Zone II 
k = permeability, md 
ky = permeability, Zone I, md 


ko = permeability, Zone II, md 

Po = original reservoir pressure, psi 

Py = bubble point of oil, psi 

py = average reservoir pressure Zone I, psi 
p2 = average reservoir pressure Zone II, psi 


Pw = pressure in production well, psi 

Q = cumulative production from well, bbl 
Q, = cumulative production Zone I, bbl 
Q2 = cumulative production Zone II, bbl 
q = rate of production of well, B/D 

rh = drainage radius, ft 

Tw = tadius borehole, ft 


S, = water saturation, fraction of porosity 
Sg = oil saturation, fraction of porosity 

t = time 

p  # viscosity of fluid 

pe = density of fluid 
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APPENDIX 


In the preceding analysis, some assumptions 
have been made which call for further investigation. 
In the development of the formulas, it has been 
assumed that the productivity-indexes i, and 7 can 
be considered as constant multiplication factors. 

It will be shown first that, if the flow pattern at 
any time can be considered as one of steady state, 
this assumption is justified. 

Under steady-state conditions the pressures 
throughout the drainage-area are falling equally; i.e., 


dp 


PF is not a function of position. 
The density of the fluid can be expressed as 


for p < P,. The initial pressure and density will be 
taken for the reference state (P,, po). The com- 
pressibility c is assumed constant and sufficiently 
small for the approximation: 


=p, [1-c(P -p)l. (19) 


In the steady state, the mass rate at the wellbore 
face can be expressed by close approximation as 


m= bf (2) 
in which rp os boundary radius, in this case the 
drainage radius of the well, / = porosity of the rock 
and 4 = thickness of the zone. From Eq. 19 one 
finds dp dp 

dt dt 
Therefore, 
m= 2 bf tcp, 

dt 
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in which g is now expressed as a volume rate and 
equal to the rate in volumes of original oil per unit 
time. 

The rate past some circular boundary of arbitrary 
radius r will be 


The rate of production past a radius r can be ex- 
pressed, according to Darcy’s law, as 


k ap 
in which k is permeability and p is viscosity, so 
that gp git 1 
— = — (1 = 
Or 2n kh r = 


By integration the following expression is obtained 


2 
2 
2nrkh 2n 
fone 
q 
Subtracting Eq. 25 from Eq. 24, 
2 
q r = 


Introducing a volume average pressure P, for any 
radius r defined by i 
» 


(27) 
in which V, is the volume of ae drainage area from 
the wellbore to the radius 7, the following equation 
can be written. 


= 
r 
2 
— Gut r 
2n 


Substituting 5 = rh and realizing that under normal 
conditions «K rb this formula can be written with 
close approximation as 

3 


q 
4 


Comparing 
b 
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with Eq. 26, 


2akh 


it appears that the difference between using Be and 


P,, when substituting normal values for isiot 


secondary importance. 
Eq. 31 may now be written 
in which 
b 
4 


WwW 
It appears that the value of i is not a function of 
time and, therefore, is constant for the reservoir so 
long as k and yp do not change. 
The mass in the reservoir at any time ¢ can be 
derived from Eq. 19. 
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Using the definition of Eq. 27 for P,, Eq. 35 can be 
rewritten. Let m represent the mass in the reservoir 
at time t and m, the original mass; then, 


or m, 
Ve 
Po 
and with 
V. =ahf (2 -12)- = Crhf 


Q=A(P,-P ) 
b 


in which Q = cumulative production in volumes of 
original reservoir oil and A is a constant. Pe is 
the same pressure appearing in Eq. 33. 

Hence, if we can assume that, if the formulas 
developed for steady-state conditions can be applied 
to the problem under consideration, the following 


main equations can be written. 


Q= A(P.-P) 
d 
dt 


These equations are essentially the same as those 
used in the main body of the report. 


kkk 
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Linear Water Flood with Gravity and Capillary Effects 


S. A. HOVANESSIAN 
MEMBER AIME 

F. J. FAYERS* 
JUNIOR MEMBER AIME 


ABSTRACT 


The one-dimensional displacement equation for a 
homogeneous porous medium, including the effects 
of gravity and capillary forces, has been solved by 
a numerical: method, A finite-difference scheme is 
developed for obtaining saturation, pressure and 
fractional flow profiles in waterflood recovery prob- 
lems. From the numerical examples given, it is 
concluded that the gravitational forces have a pro- 
nounced effect on the saturation profiles and the 
pressure distribution curves of the system. 


INTRODUCTION 


Within the past 20 years, a number of papers have 
appeared in the literature dealing with the quantita- 
tive treatment of waterflood recovery problems. In 
their celebrated paper, Buckley and Leverett! de- 
scribed a method for calculating saturation profiles 
when the effects of capillary pressure and gravity 
are excluded, Terwilliger, et al,? included the effect 
of gravity in their theoretical and experimental in- 
vestigation of oil recovery problems and obtained 
close correlation between experiment and theory. 
Welge® described a simplified method for obtaining 
the average saturation and the oil recovery from an 
oil reservoir. The effect of gravity can be included 
in this calculation. 

More recently (1958) Douglas, et al,4 presented a 
method for calculating saturation profiles which in- 
cludes the effect of capillary pressure. The authors 
start with the one-dimensional displacement equation 
(which is nonlinear in the derivative) and, by a 
change of variable, transform this equation to a 
semi-linear partial differential equation. This equa- 
tion is then solved by a finite-difference method on 
a high-speed digital computer. Fayers and Sheldon> 
obtained the solution of the one-dimensional dis- 
placement equation by directly replacing the differ- 
ential equation by a finite-difference equation. The 
effects of capillary pressure and gravity were in- 
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cluded in their solution. Here, since the movement 
of the foot of the saturation front is governed by a 
separate equation, the elapsed time in attaining a 
particular saturation profile cannot be obtained. 
The results of these two papers indicate that the 
inclusion of capillary forces eliminates the triple~ 
valued Buckley-Leverett saturation profiles. 

In the present paper, the one-dimensional dis- 
placement equation for a homogeneous permeable 
medium, including the effects of capillary and gravity 
forces, is solved. 

The method of solution resembles that described 
in the paper by Douglas, et al, since it involves a 
similar transformation of variable. However, it ex- 
tends their work in that the effect of gravity is in- 
cluded and, in addition, pressure profiles may be 
calculated, Also, the functions of saturation [k,,(S), 
Ryy(S) and P.(S)] required are entered in tabular 
form rather than as low-order polynomials. This 
simplifies data preparation and permits the use of 
a greater range of function types. 

Unlike the method of Fayers and Sheldon, the 
corresponding elapsed time required for the devel- 
opment of each saturation profile is calculated and, 
also, saturation profiles may be calculated after 
breakthrough. 


THEORETICAL CONSIDERATIONS 


The dimensionless form of the one-dimensional 
displacement equation for a homogeneous porous 
medium as obtained from Darcy’s law and material 
balance relations can be written as follows.> 


OS , dG(S) OS 0 0s 
at. “aS. 10x Ox ox 
(1) 
where S = water saturation, 
T = dimensionless time = 

G(S) = gravity function = Fy,(1 Ngkygo), 

F = fractional water flow = (1+ 


rw oO 
NG = gravity constant = [(py,— po) gk sin 


Hod 
X = dimensionless distance = x/L, 
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Ne = Capillary pressure constant = 


C(S) = capillary function = F,,kyo ae 
Pc = Pw — Po, and 
fw = actual fractional water flow = G(S) - 


N.C(S)-28 , 


The solution of Eq. 1 will give the values of satur- 
ation S as a function of time T and position X. This 
equation is a second-order nonlinear partial differ- 
ential equation and it cannot be solved by the pres- 
ent classical techniques. However, it is possible 
to remove the ‘‘nonlinearity in the derivative’’ from 
the equation by introducing the following transfor- 
mation.4,6 


r(S)= > C(S).d'S. 
Si 


where Se 


Z= 


S; = initial water saturation, and 
Sor = residual water saturation. 
The introduction of transformation Eq. 2 into Eq. 
1 yields 
_| Or | GG(r) or 


In Eq. 3, the capillary pressure and gravity func- 
tions are both expressed as functions of the trans- 
formed variable r. This equation is nonlinear but 
not in the derivative. 

The partial differential equation (Eq. 3) can be 
approximated by the finite-difference equation, 7*8 


=A Y, 
AT (tn 2AX 


The is n. Primed and unprimed 

quantities denote, respectively, values at the begin- 
ning and end of the time step AT. Also, 


ar, \' 
. 
Tn = +(l-a) rp 
where a = time centering parameter, 0 <a< 1 (usu- 


ally set at 0.5) and 


C(r) 


nd Bi(r*) = No.C(r*) 


A(r*) = 


Using Eq. 4 to approximate (0%, /0T) “in Eq. 5, Eqs. 


4 and 5 combine to give 
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2Ax (AXx)2 


Denoting the coefficients of 7,-1,7, and 7,44 by 
vA 


ay, by, and cy, respectively, and setting d, = ry, 
we can write Eq. 7 as 

The boundary conditions are fixed as follows: 
(1) the fractional flow of water fy is always unity 
at the inflow boundary; and (2) the saturation at 
the outflow boundary must build up to a value Sout 
before water will flow out of the system, thereafter 
being calculated. 

The solution of the finite-difference equations 
(Eq. 8), together with Eq. 6, will give the values 
of r as a function of time T and distance X. These 
values are in turn transformed back to saturation 
values by means of Eq. 2. Since the numerical pro- 
cedure involves a great number of algebraic calcu- 
lations, an electronic digital computer was used 
for obtaining solutions. Equations also are written 
for obtaining the fractional water flow.and the pres- 
sure distribution across the system. 


DISCUSSION OF RESULTS 


Saturation, fractional-flow and pressure-distribu- 
tion curves are obtained for oil-wet and for water- 
wet systems, with angle of inclination and injection 
flow rate as parameters. The relative permeability 
and capillary pressure data of the two systems are 
the same as given in Ref. 5. 

Figs. 1 through 3 illustrate the effect of gravity 
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on the saturation, pressure and fractional flow pro- 
files of an oil-wet system. From Fig. 1 it is noted 
that, for a constant injection rate q = 1074, the sat- 
uration profiles move slower for an upward angle of 
inclination (6 = 60°) than for a horizontal or declined 
system. The areas under the saturation curves for 
the same value of T are equal, since T represents 
the pore volume of water injected. The initial satur- 
ation line starts from maximum saturation (1-S,,) at 
the input face and drops to a value slightly greater 
than the connate-water saturation and maintains 
this value for the remainder of the system.* Fig. 2 
gives pressure distribution curves for the same 
system. It may be seen from this figure that the 
greatest pressure drop occurs for an inclination 
angle of +60°. Note the slight dip in the pressure 
curves at a distance of about 0.4 and 0.8 for T = 
0.2 and 0.4, respectively, corresponding to the po- 
sition of the saturation fronts at the times indicated 
(Fig. 1). Note also that almost no pressure drop 
occurs for a dipping angle of 60° below the hori- 
zontal, indicating that the pressure difference re- 
quired to maintain the specified flow rate is approx- 
imately offset by gravity forces. Fig..3 gives the 
actual fractional flow-vs-saturation curves for the 
cases illustrated by the previous figures. From Fig. 

3, using Welge’s method of calculation, we observe 
that the breakthrough saturation increases as the 
dip angle increases (from —60° below horizontal to 
+60° above). This is intuitively reasonable because, 

in general, the greater the slope of the test section, 

the greater the tendency for the injected water to 

accumulate and, thus, to increase the water satura- 

tion rather than to move the saturation front forward. 


*The finite- difference scheme employed requires that all 
saturation values be at least slightly greater than the connate- 
water saturation. This can be seen from Eq. 4, which represents 
the rate of change of r(r ~ saturation). This rate depends on the 
values of A(r*,) and B(r Pa) which, in turn, depend on the value 
of r at the beginning of the time step and, hence, are zero for 
comnate-weter saturation. 
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Figs. 4 and 5 give the saturation and pressure 
profiles for a horizontal section at two flow rates. 
Comparison of Figs. 4 and 1 reveals that, as the 
flow rate increases, the breakthrough saturation 
increases. This effect has also been observed by 
Perkins? in his experimental investigations. Fig. 5 
represents the pressure distribution across the test 
section for the same input conditions illustrated in 
Fig. 4. Observe that the greatest pressure drop 
occurs for the highest flow rate, and note the dips 
on the two pressure curves corresponding to the 
flow rate of q = 10-2. It may be observed (Fig. 4) 
that these dips occur at the location of the satura- 
tion front at the times indicated. 

Figs. 6 and 7 represent the saturation and pres- 
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sure profiles for a water-wet system. From Fig. 6 it 
is noted that the saturation profile for the higher 
flow rate (dashed line) is steeper than that of the 
lower flow rate. Comparing Figs. 6 and 4, note that 
the saturation distribution lines of the former have 
a greater slope than those of the latter. This comes 
mainly from the capillary pressure curve because 
the capillary pressure curves of water-wet and oil- 
wet systems differ greatly, while the relative per- 
meability curves of the two systems have substan- 
tially the same shape. Fig. 7 represents the pres- 
sure distribution across the system. Here again, 
the higher pressure drop occurs in the case of higher 
flow rate, and the dips in the pressure curves cor- 
respond to the location of saturation fronts. The 
effects of gravity forces were investigated for 
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water-wet systems and no significant change was 
observed in the saturation, pressure or fractional- 
flow profiles. 

In obtaining these solutions, AX was set at 0.04 
and AT was set at 0.01. The material balance error, 
using these space and time increments, was less 
than 1 per cent. 


CONCLUSIONS 


From the results of this study, the following con- 
clusions can be made. 

1. The inclusion of capillarity eliminates the 
triple-valued Buckley-Leverett saturation profiles. 

2. The inclusion of gravity significantly affects 
the rate of movement of saturation profiles for a 
certain range of injection flow rates. 

3. Gravity forces have a pronounced effect on 
pressure distribution curves for a certain range of 
injection flow rates. 

4. Injection flow rates have a pronounced effect 
on saturation profiles and pressure distribution 
curves. 

5. The initial saturation distribution had little 
effect on the computed results [S(X), P(X), /,,(X)] 
when the initial water in place was small compared 
to the water in place at the time under consideration. 


NOMENCLATURE 


a =centering parameter 
C(S) = capillary function 
Fy = fractional water flow 
fw = actual fractional water flow 
G(S) = gravity function 
g = gravitational constant (cm/sec?) 
ko, kw = permeability to oil and water (darcy) 
kyo, Rrw = telative permeability to oil and water 
absolute permeability (darcy) 
L =length of system (cm) 


No. =capillary pressure constant 
c 
SIN @ = 0.0 
Ho po +0.80(gm/ce) 
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ne = gravity Constant 


Py = pressure in oil and water phases (dyne/ 
cm2) 
Pc = capillary pressure normalization constant 
(dyne/cm2) 


P, =dimensionless capillary pressure 
do» Tw = Volumetric oil and water flow rates (cc/ 
cm2)/(sec) 
r(S) = transformed variable 
S = water saturation 
S$; =initial water saturation 
Sor =residual oil saturation 
saturation at the outflow boundary 
t =time (sec) 
T = dimensionless time (pore volume of water 
injected) 


° 

I 


x = distance (cm) 
X =dimensionless distance 
Z = constant of transformation 
C(S)dS 
Sj 


Ho, Hw = Viscosity of oil and water (cp) 
= angle of inclination 
= porosity 

Po» Pw = density of oil and water (gm/cc) 
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Thermal Conductivities of Porous Rocks Filled 
with Stagnant Fluid 


D. KUNII 


J. M. SMITH 


ABSTRACT 


Effective thermal conductivities of sandstones 
filled with stagnant fluids were measured using a 
steady-state technique. Data were obtained for 
seven sandstone samples, taken from four different 
locations and ranging in permeability from 18 to 
590 md. The measurements with gases (helium, 
nitrogen, air and carbon dioxide) covered a pressure 
range from 0.039 psia to 400 psig. Data were taken 
for four liquids — n-heptane, methyl alcohol, 79.8 
weight per cent glycerol-water solution and pure 
water at atmospheric pressure. 

The experimental results were used to evaluate 
the theoretical equations for predicting stagnant 
conductivities developed earlier.4 The low-pressure 
measurements permitted evaluation of the consoli- 
dation parameter hpD,/k, (necessary to utilize the 
theory) for the various types of sandstones. Using 
these characteristic values, the theoretical equa- 
tions correlated well with the experimental conduc- 
tivity data for the several fluids and rock samples. 


INTRODUCTION 


An aspect of heat transfer in solid-fluid systems 
of considerable current interest is the effective 
thermal conductivity of porous media. The stimulus 
for study of the subject arises from the need for 
sound procedures for designing thermal methods of 
petroleum production. The general system occurs 
when there exists a flow of fluid through the pores 
of the solid material. However, a logical starting 
point in developing a theory for predicting the ef- 
fective thermal conductivity in the general system 
is to attack the special case when the porous solid 
is filled with stagnant fluid. Since the flow rates 
anticipated in thermal production processes are 
very low, such stagnant conductivities k@ are also 
of practical significance. 


Original manuscript received in Society of Petroleum Engi- 
neers Office Aug. 2, 1960. Revised manuscript received Nov, 
4, 1960. Paper presented at Joint AIChE-SPE Symposium, Sept. 
22-25, 1960, in Tulsa. 


4References given at end of paper. 
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Kunii and Smith4 recently reviewed the existing 
data for stagnant conductivities and proposed a 
theory for heat transfer in porous rocks. This leads 
to equations for predicting the stagnant conductiv- 
ity as a function of the properties of the fluid and 
solid phases. The existing experimental informa- 
tion!-3,5»7,8 covered a range of porosities and 
agreed well with the theory. However, the available 
data were insufficient to examine critically the 
effects of two important properties on kQ — the 
thermal conductivity of the fluid and the pressure. 
The objectives of the present study are twofold: 
(1) to measure the effect onk@ of (a) the pressure 
for gases, and (b) the thermal conductivity of the 
fluid k, for both gases and liquids; and (2) to deter- 
mine for rocks of different porosities and permea- 
bilities the apparent solid conductivity k, and the 
consolidation parameter hyD,/k required in apply- 
ing the theoretical equations.. 

Measurements extrapolated to zero pressure are 
helpful in evaluating k, and the consolidation pa- 
rameter. However, the extrapolations must be based 
upon data obtained at low pressures because in 
small pores the molecular conductivity of the fluid 
may be unusually depressed. This occurs when the 
mean free path of the molecules is of the same 
order of magnitude as the pore diameter, that is, in 
small-diameter pores at low pressures. The phenom- 
enon has been studied recently by Schotte® in beds 
of unconsolidated fine particles. With particles in 
the size range of 45 to 200 microns, a significant 
reduction of kg with pressure was found even at 
absolute pressures greater than 1 atm. In the sand- 
stones employed in the present investigation, pore 
diameters lower than those experienced by Schotte 
are likely, so that the effect would presumably be 
greater. 


SCOPE OF MEASUREMENTS 


Stagnant conductivities were measured for four 
types of sandstones using a total of seven samples. 
The characteristics of the samples, including po- 
rosity and permeability values, are given in Table 
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Four gases were employed, data being obtained 
with nitrogen, helium and carbon dioxide at pres- 
sures above atmospheric; all sub-atmospheric data 
were determined using air. To provide a reasonably 
wide range of fluid thermal conductivity, measure- 
ments also were made using four fluids — normal 
heptane, methyl alcohol, a solution of 79.8 weight 
per cent glycerol and 20.2 weight per cent water, 
and pure water. The range of k, values obtained 
with these seven fluids is approximately 0.01 to 
0.36 Btu/(hr ft °F). 

The mean temperatures existing in the rock 
samples during the runs are given in Table 2 for 
each fluid. 


EXPERIMENTAL 


The apparatus for measuring the stagnant con- 
ductivity is shown in Fig. 1. The test section con- 
sisted of two cylindrical cores, each 1 in. in diam- 
eter and about 1 3/8 in. in length. To reduce longi- 
tudinal heat transfer, one additional core sample 
of the same dimensions was used on each end of 
the test section. The conductivity was determined 
in the radial direction of the cylindrical cores, that 
is, in the direction parallel to the plane of the 
sandstone formation. 

To introduce a radial temperature gradient, an 
electric heater was made by winding 30- gauge 
nichrome wire around a flexible rod. This rod was 
inserted into holes 0.093 in. in diameter drilled 
through the central axis of the core samples. The 
power input in the test section was determined 


TABLE 1 — POROUS ROCK SAMPLES USED 


Boise Sandstone from Idaho Outcrop 


Yellowish gray, medium-grained, argillaceous sandstone; 
micaceous, feldspathic, ‘‘pepper and salt’’ appearance; mas- 
sive, 

BO-1: porosity 0.248, permeability 590 md 

BO-2: porosity 0.256 


Bartlesville Sandstone from an Oklahoma Outcrop 


Moderate yellowish brown, fine-grained, argillaceous sand- 
stone; minor muscovite flakes, altered iron minerals, massive. 
BA-2: porosity 0.203, permeability 28 md 
BA-5: porosity 0.220 

Berea Sandstone from Ohio Outcrop 
Very light gray, fine-grained, clean, well sorted sandstone; 
massive, 
BE-1: porosity 0.189, permeability 170 md 
BE-2: porosity 0.185 


Rangely (Colorado) Reservoir Rock 


Olive gray, fine-grained, clean, well compacted sandstone, 
RA: porosity 0.117, permeability 18 md 


TABLE 2 — RANGE OF MEAN TEMPERATURES OF SAND- 
STONE SAMPLES DURING RUNS 


wile 
Carbon Dioxide. . » .» 140 to 200 
Nitrogen 140 to 190 


Methyl Alcohol . . 90 to 110 
Water. . . 5 


*79.8 wt. per cent glycerol and 
20,2 wt. per cent water 
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with a Weston Wattmeter (Model #432) with an 
accuracy of 0.5 w. The measurement was made by 
attaching electrical leads to the heater wire across 
the length of the test section (approximately 2 3/4 
in.) Fine sand was used between the test cores and 
the inner wall surface to adjust the position of the 
cores, as illustrated in Fig. 1. Cooling water was 
passed through a jacket surrounding the sample 
when runs were made with gases. 

Copper-constantan thermocouples (30 B. and S. 
gauge) were used to measure the radial temperature 
gtadient. The thermocouples were inserted in holes 
drilled in the end surface of the separate core 
sample as illustrated in Fig. 1. The holes, 0.027 
in. in diameter, were drilled to a depth of 0.17 in. 
Three or four thermocouples were used across each 
of several radii, and their radial location was 
measured carefully to the nearest 0.1 mm. 

For runs made with gases as the stagnant fluid, 
the temperatures were measured using a recorder 
with an expected accuracy of 0.5°F. The fluid was 
alternately added and evacuated from the test sec- 
tion several times before making thermal measure- 
ments. Fluid pressures on the sample at atmospheric 
pressure and above were measured with a mercury 
manometer or a Heisse gauge. Sub-atmospheric pres- 
sures were determined with a vacuum gauge. 

A somewhat different procedure was employed 
with liquids. The solid cores, dried completely 
with an infra-red lamp, were first placed in a con- 
tainer half-filled with the required liquid. The re- 
maining gas in the pores of the core was removed 
with a vacuum pump. Upon removal from the con- 
tainer, the samples were covered with scotch tape 
to prevent evaporation of fluid. Then, as quickly 
as possible, the thermocouples were inserted. The 
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FIG. 1 - EXPERIMENTAL APPARATUS FOR GASES. 
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test element was then placed in a container filled 
with the required liquid. The entire unit was in- 
serted in an ice-water, constant-temperature bath. 
Temperatures were determined for the runs with 
liquids using a precision portable potentiometer. 


EVALUATION OF EXPERIMENTAL PROCEDURE 


If longitudinal heat transfer in the core samples 
is negligible, the stagnant conductivity can be 
calculated from the measured radial temperature 
profile by the expression, 

O_ 4d (linn) 

Typical measurements for several fluids in Core 
Sample BE-1 are shown in Fig. 2. Within the pre- 
cision of the data, a straight line relationship is 
observed. This suggests, according to Eq. 1, that 
the variation of k°. with temperature across the 
radius of the sample is-not sufficient to be measured 
by the experimental procedure used. Hence, a single 
mean value for kQ is calculated from Eq. 1 using 
the slope of the line obtained from plots similar to 
those illustrated in Fig. 2. 

To test the assumption of negligible longitudinal 
heat transfer, several preliminary measurements 
were made using Sample BA-5 with air. First, radial 
temperature profiles were observed and compared 
at the three contact surfaces (the ends of the cylin- 
drical core samples) of the four core samples mounted 
in the apparatus (Fig. 1). These results indicated 
that approximately 0.4 per cent of the total energy 
input from the heater flowed out in the longitudinal 
direction. 

As the energy input from the heater decreases, a 
point is ultimately reached when longitudinal heat 
losses will be significant. Preliminary measure- 
ments indicated that this energy level was about 
10 w. All the runs were made at values of Q greater 
than this limiting value. 


BE-1 Porosity 0.189 
20 Permeability md 
Fluid Pressure Energy Input 
Psia Watts 
Air 0.184 182 * 
A CO, 19.2 201 ° 
> 
417 20.1 e 
5 LN ANS 
a ~ 8 20.1 Aa 
E 286 
© 
309 22.4 G@ 
N- Heptane 16.2 @ 
100 
Liq. Water 225 
0.2 03 0405 


Distance From Center of Core (inches) 


FIG. 2 — EXAMPLES-TEMPERATURE DISTRIBUTION 
IN CORE SAMPLE. 


MARCH, 1961 


To test further the significance of longitudinal 
heat transfer, measurements were carried out when 
the ends of the apparatus were maintained at differ- 
ent temperatures with nichrome wire heaters. The 
energy input to the central heater was maintained at 
15 w, leading to a mean core temperature of about 
150°F. Under these conditions, varying the temper- 
ature of the ends of the apparatus from 70° to 200° 
F did not affect the stagnant conductivity. 

From these preliminary tests it appeared that the 
equipment was satisfactory for measuring reasonably 
accurate values of kG. Considering errors in energy 
input, temperature and position measurements, and 
errors in applying Eq. 1, it is believed that the max- 
imum uncertainty was less than 10 per cent. 


RESULTS 


EFFECT OF PRESSURE ON ke 

The data showing the effect of pressure on k@ for 
gases are plotted in Figs. 5 and 6 for pressures 
greater than 1 atm. Fig. 5 demonstrates that different 
core samples from the same sandstone formation 
(Bartlesville sandstone) do not exhibit significant 
differences in stagnant conductivity. On the other 
hand, the thermal conductivity of the gas is a sig- 
nificant factor; i.e., the results for helium are ap- 
preciably higher than those for nitrogen and carbon 
dioxide. In Fig. 6, data are plotted for three different 
types of sandstones, and here large differences are 
observed. 

The small increase in k% with pressure at high 
pressures, shown in Figs. 3 and 4, is probably due 
to the small increase in the normal thermal conduc- 
tivity of the gas with pressure. However, the more 
rapid change in kG with pressure at low values of 
P must be the result of another factor because the 
normal thermal conductivity is essentially constant 
at these pressures. This effect is more pronounced 
at sub-atmospheric pressures as demonstrated by 
the curves in Fig. 5 for air. The decrease in k% 
with pressure is most pronounced for the sample 
with the lowest porosity, Rangely sandstone (RA). 
This suggests that the fluid conductivity is being 
reduced by the small-diameter pores in the core 
samples. Schotte® has adapted equations based 
upon kinetic theory to show the effect of pressure 
on the apparent value of k, in packed beds of fine 
particles (45 to 200 microns). One of his equations 
can be reduced to the following form to illustrate 
the effect of pressure P and pore size b. 
(Tipe) 
Here, ke is the normal thermal conductivity of the 
gas. For a given core sample at a fixed temperature, 
Eq. 2 indicates that kg approaches the normal 
conductivity as P approaches a large value and 
that kg approaches zero as P tends toward zero. 
This suggests that the stagnant thermal conductiv- 
ity of the core (k°,) would approach a constant 
value, equal to the contribution of the solid phase, 
as the pressure approaches zero. The S-shaped 
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FIG. 3 — STAGNANT CONDUCTIVITIES OF BARTLESVILLE SANDSTONE. 


behavior of the curves in Fig. 5 is in agreement 
with this reasoning. The significant conclusion 
here is that the solid contribution to the stagnant 
conductivity (k%)> cannot be obtained by extrapol- 
ating to P =0 data at above atmospheric pressure, 
such as shown in Figs. 3 and 4. Rather, measure- 
ments must be made under vacuum conditions to 
obtain (k°,), by extrapolation. The values of this 
parameter, as determined from Fig. 5 for the four 
types of sandstone, are given in Table 3. 


EVALUATION OF CONSOLIDATION PARAMETER 


In Ref. 4, the following equation was proposed to 
predict the stagnant conductivity of porous rocks 


Porosity Permeability CO2 Ne He 
0.248 590 md a A 
3 BE-| 0.189 170 ma A e 
RA 0.117 18 md 4a ia] 
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> 
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FIG. 4—STAGNANT CONDUCTIVITIES OF SAND- 
STONES. 
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FIG. 5 - EFFECT OF PRESSURE ON STAG- 
NANT CONDUCTIVITIES OF 
SANDSTONE DATA TAKEN BE- 
LOW ATMOSPHERIC WITH AIR 
AND DATA TAKEN ABOVE AT- 
MOSPHERIC WITH NITROGEN. 
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The objective here is to use this expression and 
the experimental values of (k%)o in Table 3 to 
determine the relationship between the apparent 
thermal conductivity of the solid phase k, and the 
consolidation parameter hpyDp/ks Both are charac- 
teristic properties of the sandstone sample. This 
is accomplished by considering Eq. 3 at zero pres- 
sure where k, approaches zero, From the equations 
in Ref. 4, the following limiting results are readily 
obtained. 


ot 
and 

kg 


The value of ¢,the void fraction of the original 
bed of unconsolidated particles prior to consolida- 
tion, is suggested in Ref. 4 to be 0.476. This is 
the maximum void fraction in a uniform arrangement 
of spherical particles in contact. Using this result 
and Eqs. 4 and 5, the general expression(Eq. 3) for 
k°o/k 5 reduces at zero pressure to the form, 


This equation provides a relationship between k, 
and Dyhy/ks. If ks were known, Dy hy/k, could be 
determined from (k2), and Eq. 6. However, kg is 
not necessarily the thermal conductivity of the 
pure solid phase (for example, quartz for sandstone 
cores). It may differ from this due to the non-uniform 
geometry of the solid phase and due to impurities 
between the grains of solid particles and the ce- 
menting material holding the grains together. 

This problem is avoided by utilizing the experi- 
mental data for the effect of kg on k°., along with 
Eq. 6, to ascertain separate values for k., and 
Dpbp/ks. The experimental data for the several 
fluids and sandstone samples are shown in Figs. 6 
through 8. The curves on the figures represent Eq. 
3 plotted for certain values of k, and Dphy/ks. 
These specific values were obtained in the follow- 


(6) 


ing way. 

1. Sets of consistent numbers for k, and Dy hy/k 5 
were first determined from Ea. 6. 

2. The most appropriate set was then obtained 
for each type of sandstone by comparison with the 
experimental data in Figs. 6 through 8. 

Figs. 6 and 7 include calculated curves for three 
sets of k, and by Dy/ks, designated on the curves 
by the numerical value for k,. These results indi- 
cate that it is not possible to determine k more 
closely than approximately + 0.2 Btu/(hr ft °F). 


TABLE 3 — THERMAL PROPERTIES OF SANDSTONE 


Doh 
is 
Btu/ft hr °F Btu/ft hr 
1.8 0.965 
3.2 0.159 
4.6 0.103 
BE ae 4.6 0.105 
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The values of the two parameters so evaluated are 
shown in the last two columns of Table 3. 

It is interesting to note that these parameters 
are essentially the same for the BE and RA sand- 
stones. The difference in stagnant conductivity 
between the two types of rock must be due primarily 
to the difference in porosities. Visual examination 
of the Boise (BO) sandstone suggests that it has a 
markedly different structure from the other types. 
It seems to be well consolidated with somewhat 
larger pore diameters than those associated with 
the other sandstones. This micaceous and feld- 
spathic structure is probably responsible for the 
low value of k, (Table 3) determined for the Boise 
sample. 


CORRELATION AND PREDICTION 
OF STAGNANT CONDUCTIVITIES 


For Eq. 3 to be a useful prediction method for 
k°e, it is necessary that values of k, and Dphy/ks 
be available. At present these values cannot be 
obtained except by experimental means. Until data 
such as that shown in Table 3 are available for a 
large variety of rock samples, the method is not 
valuable for prediction purposes. However, the 
agreement in Figs. 6 through 8 between experimental 
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data and Eq. 3 suggests that the procedure correctly 
accounts for the effects of properties of the rock 
and fluid, such as void fraction and fluid conduc- 
tivity k,. Hence Eq. 3 is useful now as a means of 
predicting the effect of these properties on kg and 
requires no experimental data for this use. The 
method is also valuable for correlating experimental 
ke information. 

Of the data in the literature, only that of Zierfuss 
and Vliet® included information on the effect of 
different fluid conductivities. Their conductivity 
results for air and liquid water showed increases 
in k& with k, of the same magnitude as indicated 
in Figs. 6 through 8. Data were presented for only 
these two fluids with known thermal conductivities, 
and no information was given at low pressures. 
Hence, it was not possible to evaluate (k°,), and 
make a quantitative analysis of their results accord- 
ing to Eq. 3. 


NOMENCLATURE 
b = distance over which conduction takes 
place (i.e., pore diameter), ft 
C = constant, (psi) (ft) (1/°R) 


Dphp/ks = dimensionless consolidation parameter 
for expressing the heat transfer in the 

solid phase (see Ref. 4) 
k°, = stagnant conductivity, Btu/(ft)(hr) (°F) 


A2 


(ke), = asymptotic value of stagnant conductiv- 
ity corresponding to zero thermal con- 
ductivity of gas phase (i.e., zero pres- 
sure), Btu/(ft) (hr) (°F) 


kg = apparent thermal conductivity of gas, 
Btu/(ft) (hr) (°F) 

k*, = normal thermal conductivity of gas, Btu/ 
(ft) (hr) (°F) 


ks = apparent thermal conductivity of solid 
phase, Btu/(ft) (hr) (°F) 
L = length of test section, ft (approximately 
2 3/4 in.) 
p = absolute pressure, lb/sq ft 
r = radial distance, measured from center 
of core, ft 
= energy input in the test section, Btu/hr 
absolute temperature, °R 
= ratio of effective thickness of the fluid 
film adjacent to the contact surface of 
two solid particles in the original 
packed bed (prediction of ¢ is de- 
scribed in Ref. 4) 
gd = void fraction of original packed bed of 
unconsolidated particles 
d’ = porosity of sandstone 


sy TK 


= slope of temperature vs radial distance 
dT line plotted as Inr vs T (Fig. 2), °R-1 
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ABSTRACT 


A rigorous study was made of the behavior of 
reservoirs composed of horizontal layers, uncon- 
nected except at the well and filled with a compres- 
sible fluid. The report is presented in two parts. 
Part I deals with the practical implications of the 
results obtained; Part Il contains the mathematical 
derivation of the solution. The main portion of Part 
I is concerned with application of the results to 
reservoirs composed of two layers. Relative rates 
of depletion of the layers are studied, and it is 
shown that differential depletion between layers 
exists in the transient stage of the reservoir, which 
generally is of an order of magnitude longer than 
the transient stage in a single-layer reservoir. In 
the transient stage, the more permeable layer is 
depleted faster than the less permeable. However, 
the reservoir approaches a steady-state situation 
where both layers contribute equally to production. 
Theoretical build-up curves from such reservoirs 
are presented, and the influence of a skin effect 
and flow into casing and tubing are also evaluated. 
The build-up curves are predicted to have, first, 
the familiar logarithmic straight-line section and, 
subsequently, a rising and flattened section. The 
results found are compared with an extension of an 
approximate theory, and it is found that this simpli- 
fied theory is applicable over most of the life of 
the reservoir. Extensions to reservoirs containing 
more than two layers are indicated, and examples 
of the performance and build-up curves for three- 
layered reservoirs are presented, The theoretical 
results on build-up curves were applied to field 
examples of such reservoirs, and satisfactory re- 
sults were obtained. From the build-up curve, the 
permeability-thickness product, the wellbore dam- 
age and the static pressure are obtained. However, 
it apparently is not possible to determine the prop- 
erties of the individual layers from the combined 
build-up curve. 
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neers office July 9, 1959. Revised manuscript received March 
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PART I— PRACTICAL APPLICATIONS 


INTRODUCTION 


A large number of reservoirs have been found 
where the producing formation is composed of two 
or more layers of differing physical characteristics, 
such as permeability and porosity, and where also 
the thicknesses of the layers differ. Since in general 
a differential depletion should exist between the 
layers of such reservoirs, it would be advantageous 
to know the amount of the differential depletion 
under a given production history. It also would be 
valuable to know the pressure behavior, because it 
could be undesirable to produce a reservoir in such 
a manner that the pressure in one of the layers 
would have fallen below the bubble point of the 
oil at a time when another layer might still be 
virtually undepleted. 

The determination of static pressures in shut-in 
wells with slow build-up is another feature of im- 
portance in layered reservoirs. If the behavior of 
the reservoir differs appreciably from the predicted 
behavior of a single-layer reservoir, the type of 
analysis for build-up curves suggested for single- 
layer reservoirs is not applicable. 

Several authors have treated the problem of find- 
ing the pressure and production characteristics of 
multilayer reservoirs. Horner! treated the problem 
of n layers in an infinite field, the layers being 
connected only at the well. Tempelaar-Lietz? has 
presented an approximate treatment of the charac- 
teristics of a bounded reservoir composed of two 
layers of different permeabilities and equal thick- 
nesses. Horner gave no information on differential 
depletion between layers, and the treatment of 
Tempelaar-Lietz was not applicable for prediction 
of pressure build-up behavior. In addition, it was 
thought that a more rigorous treatment than the 
one by Tempelaar-Lietz would be valuable in de- 
termining the range of validity of this solution. 
The present study, therefore, was made of a 
bounded reservoir composed of two or more layers, 


lReferences given at end of paper. 
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these 
well. 


layers being unconnected except at the 


BASIC ASSUMPTIONS 


The reservoir to be studied is shown in Fig. 1. 
Each layer of the reservoir is assumed to be homo- 
geneous and isotropic, and filled with a fluid of 
small and constant compressibility c. The permea- 
bility k, oil-filled porosity @ and thickness hb of 
each layer are designated by the corresponding 
symbol with the subscript 1, 2, ...., 2, depending 
on which layer is referenced. The viscosity of the 
oil is assumed to be constant and is denoted by up. 
The reservoir is initially at a uniform pressure py; 
and at all times ¢ > 0, the fluid is produced in such 
a manner that the production rate q7, measured at 
initial reservoir conditions, is held constant. 

Under these assumptions, the pressure at any 
point must satisfy the well known equation for flow 
of a fluid of small but constant compressibility 
given in Part II. The solution of this equation for 
the proper boundary conditions is obtained with the 
aid of the Laplace transform. 


DISCUSSION OF RESULTS 


FLOWING-WELL PERFORMANCE 
For all but very small times, the solution to the 
differential equation leads to the following results: 


— Py(t) = 
7 
(1) 
and 
q,(t) = 4T Z;(t) 
n 
(2) 


where Y(t) and Z;(t) are transients which approach 
zero with increasing time. Both of these functions 
are directly proportional to qT. 


ki, 
hy 
IMPERMEABLE 
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b) CROSS SECTIONAL VIEW OF RESERVOIR 


FIG. 1 — THE RESERVOIR. 


For the case of two layers, these equations can 
be rewritten as 


Pult) 4 
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Tw 4 ( 
Y(t) 
and 


1 


(4) 


(kyhy + + bo) , 
= (fhyhy + + ho), 
=hy+ho , 

tn = kt/pcr2, 


For early times at which the influence of the 
boundary has not been felt, the expression 


Pult) 


fy po 
1 In —— 
kyhy n Ak + in 
n in 


gives the correct pressure behavior at the well, y 
denoting Euler’s constant. The lower limit of the 
time range of validity of this equation is small 
enough to include most times of practical interest. 

From Eqs. 3 and 4 it can be seen that a steady 
state is finally attained in the reservoir, during 
which the rate of change of the well pressure with 
respect to time (i.e., dp,,/dt) is constant. Further- 
more, at this time the production rate from each 
layer becomes constant, and it then follows that 
the pressure everywhere within the reservoir varies 
linearly with time. 

Solutions for two sample cases for two sets of 
parameters are presented in Figs. 2 and 3, The 
curves labeled I correspond to the parameters 


: 

ko $2 

ha Tw 


whereas, the curves labeled II correspond to the 
parameters 


ko $2 

h 

ho Tw 


Fig. 2 shows the pressure behavior at the well. 
Eq. 5 was used in calculating this behavior for tp 
< 10°. During this first period, the pressure de- 
creases logarithmically with time. Physically, this 
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time range corresponds to the time during which 
the well has not detectably influenced the pressure 
at the outer drainage boundary. Hence, the pressure 
decline at the well is identical to the decline of a 
well draining an infinite reservoir. The time at 
which the influence of the drainage boundary is 
first detected at the well is characterized by the 
break of the pressure curve away from the straight- 
line portion of the curve. Now the reservoir pro- 
duces as if it were composed of one bounded layer 
and one infinite layer because the influence of the 
boundary has been reflected only in the more per- 
meable layer. After some time, the less permeable 
layer also feels its boundary. From then on, the 
reservoir behaves as a fully bounded reservoir. 
Steady state, where the relation between p,, and t 
would be a straight line if plotted on a linear scale, 
is reached some time thereafter. The dotted lines 
in Fig. 2 are the approximations given by the method 
of Tempelaar-Lietz and will be discussed in a later 
section. 

The magnitude of the time necessary to reach 
steady state in a two-layer reservoir can be com- 


pared with the corresponding time for a single-layer 
reservoir. Matthews and Brons? have shown that for 
a cylindrical reservoir steady state is reached at a 
dimensionless time 


22 (053) 
pucrs 
If ro/r,, = 2,000, then steady state is reached at 
pcre, 


In a two-layer reservoir, the dimensionless time 
needed to reach steady state varies with the prop- 
erties of the two layers; the average of the cases 
studied in this report is about 


kt 7 
ducr2 =8 x 10 


Hence, the time needed to reach steady state is of 
the order of 50 times as great as the corresponding 
time for a single-layer reservoir. The reason for 
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this lies mainly in the changing rates of production 
from the layers in the multilayer case. 

The behavior of the production rate for these two 
cases is shown in Fig. 3, in each instance for the 
more permeable layer. The ordinate in the graph is 
qi(t)/q7, the fractional production rate from this 
layer. The dotted lines again are the approximations 
of Tempelaar-Lietz. The fractional production rate 
from the other layer 92(t)/q7 can be obtained from 
the relation 

qo t) 1 qy(t) 

qT 
At early times, the production rate from the more 
permeable layer is increasing; it approaches asymp- 
totically the value 94(t)/q7 = kyhy/(kybhy + kob2), 
which behavior corresponds to the case of a well 
draining an infinite reservoir. After the initial in- 
crease, the production rate begins to decrease, a 
phenomenon which corresponds to the physical fact 
that the influence of the boundary in the more per- 
meable layer has been reflected on the behavior of 
the reservoir. At some later time, the effect of the 
boundary is also felt in the less permeable layer; 
subsequent to this time, the curves are seen to 
approach asymptotically a constant value, this value 
being 91(t)/q7r =b19¢1/(h1 $1 + 6262). This value is 
the fractional production rate of Layer 1 at steady 
state. 

The ratio by ¢1/(hy¢1 + ho¢2) is equal to the 
ratio of the oil-filled volume of Layer 1 to the oil- 
filled volume of the entire reservoir; hence, at 
steady state, each layer produces at a fractional 
rate equal to the fraction of oil-filled volume it 
contains. 

With regard to fractional depletion between the 
layers, if each layer always produced at a fractional 
rate proportional to the oil-filled volume it contains, 
there would be no differential depletion. Hence, 
during production of a reservoir, differential deple- 
tion takes place previous to the time when steady 
state is reached. 

The total production rate q7 from the reservoir 
is an important factor in the differential depletion 
of the reservoir. The time required to reach steady 
state is essentially independent of g7, but the 
cumulative production from each layer is directly 
proportional to If Q y(t) and Qo(t) denote the 
cumulative production at the time ¢ from Layers 1 
and 2, respectively, 


Q,(t) 
Qo(t) q2(t) 

bg gba 


Also, the differential depletion AD(t) per unit thick- 
ness is then defined as 


Ox(t) 


AD(t) = 
hy ho 


But we can also write 
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Q;(t) t q,(t) 
= q f at ] = 2 
bj ar 
so that 
t t 
0 hy 0 


Since the ratios q1(t)/q7 and are inde- 
pendent of q7, the differential depletion is directly 
proportional to q7z. For example, if the maximum 
differential depletion in a reservoir produced at a 
rate q7 is AD and if the reservoir had been pro- 
duced at a rate 2 gy, the maximum differential de- 
pletion would have been 2AD. 

The results from another sample case are pre- 
sented in Figs. 4 and 5. The properties of the 
layers are ky/ky = 4, =0.05 and ¢4/¢2 = 2. 
The results are presented for four different values 
of re/Ty —Te/Ty = 2,000, 1,000, 100 and 10. Fig. 
4 shows the well pressure behavior as a function 
of production time; the straight-line portion again 
corresponds to the time range when the influence 
of the boundary has not been felt at the well, and 
the deviation from this straight line corresponds 
to the influence of the boundary. 

The times at which the pressure-decline curves 
deviate from the straight-line portion increase with 
with the dimensions of the reservoir. This is be- 
cause the time required (t,) for the pressure dis- 
turbance caused by the opening of the well to reach 
a certain point (r) away from the well increases 
with the distance of the point from the well. A 
good approximation is given by ¢t, « r2. 

Fig. 5 shows the fractional production rate from 
the more permeable layer for several ratios re/ry 
for the properties just mentioned. 


THEORETICAL PRESSURE BUILD-UP CURVES 
Since the behavior of the reservoir is described 
by linear differential equations, the behavior during 
build-up can be obtained by superposition. Fig. 6 
shows a typical theoretical pressure build-up curve 
obtained from a two-layer reservoir. As in a single- 
layer reservoir, there is an initial straight-line 
section, AB. After the straight-line portion, the 
build-up curve-levels off (BC), this leveling off 
corresponding in a single-layer reservoir to the 
pressure’s having almost reached its average pres- 
sure. However, in a multilayer reservoir the pressure 
again rises (CD) and then finally levels off at the 
average pressure (DE). The rise in CD is due to 
the repressuring of the more depleted, permeable 
layer by the less depleted, less permeable layer. 
Several other examples of pressure build-up curves 
are presented in Figs. 7 through 10, the parameters 
for each reservoir being indicated on the same page 
as the graph. Figs. 7 and 8 present pressure build- 
up curves, plotted both against At, the shut-in time 
and against At/(t + At). Figs. 7 and 8 are ata 
closed-in time when the reservoir is still in the 
stage where the influence of the boundary has not 
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FIG. 5— FRACTIONAL PRODUCTION RATES FROM MORE PERMEABLE LAYER OF A TWO-LAYER RESERVOIR 


FOR DIFFERENT RATIOS OF rf, /1,,. 


been felt during production. Fig. 9 is a build-up 
curve for the same reservoir at a closed-in time 
when the influence of the boundary has been felt. 
From these curves, it can be seen that the entire 
portion CDE (as in Fig. 6) expands greatly in ver- 
tical scale with increasing production time. 


The magnitude of the pressure rise during the 
portion CDE of the pressure build-up curve depends 
on the contrast of the properties of the layers. If 
the two layers are nearly equal in permeability, 
the pressure rise in this portion will be small (see 
Fig. 10), whereas if the two layers differ widely in 
properties, the pressure rise will be considerable 
(see Fig. 9). 

For equivalent information, a well in a multilayer 
reservoir must remain shut in longer than a well in 
a single-layer reservoir, the ratio of required shut- 
in times being roughly equal to the ratio of the 
times needed to attain steady state in the two res- 
ervoirs. It was seen that this latter ratio is large 
(of the order of 50); it then follows that wells pro- 
ducing from multilayer reservoirs may have to re- 
main shut in for considerable times to provide use- 
ful pressure build-up data. 

A reason for the difference in type of pressure 
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build-up curves obtained from two-layer and single- 
layer reservoirs is that in a two-layer reservoir 
flow occurs from one layer to the other during build- 
up. There is differential depletion between the 
layers, the more permeable layer having been de- 
pleted more than the less permeable layer; when 
the well is shut in, there must be flow from the 


At/(t + At) 
FIG, 6 — THEORETICAL PRESSURE BUILD- 
UP CURVE FOR TWO-LAYER RES- 
ERVOIR. 
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less permeable layer to the more permeable layer 
for the pressure to stabilize over the entire reser- 
voir. 


SKIN EFFECT 
In the study of skin effects, the skin factor S; in 
each layer was defined by means of the equations 


; 

where p;; denotes the formation pressure in the jth 

layer. 


The mathematical analysis of the problem showed 
that the effect of the skin could be represented by 
a fictitious well radius in each layer. Eqs. 1 and 2 
were modified to include these characteristics. 

The effect of introducing a fictitious well radius 
can best be illustrated for the case of a single-layer 
reservoir producing at a constant rate. As shown in 
Fig. 11, the skin will cause a discontinuity in the 
pressure at the well. The behavior of the pressure 
in the vicinity of the well is logarithmic; if the 
curve is extrapolated logarithmically (the dotted 
line in Fig. 11), there exists a point r*,, such that 
b(r*w) = Pw. Then can be considered the ficti- 
tious well radius representing the skin. The rela- 
tion between r,, and r,, is given by 
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FIG, 7— PRESSURE BUILD-UP CURVE WITH At/(t + At) 
AS ABSCISSA. 
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FIG. 8—PRESSURE BUILD-UP CURVE WITH At AS 
ABSCISSA. 


effects are presented in Figs. 12 and 13. The char- 
acteristics of the reservoir studied are 


ky 

] 

12.000 
ho Tw 


In each graph, Curve a refers to the case where 
no skin was present in either layer (i.e., 5] = 0 and 
Sq = 0); Curve b refers to the case where the skin 
effects were taken to be Sy = 10 and So = 1; and 
Curve c refers to the case where the skin effects 
were taken to be S$; = 1 and Sp = 10. 

A comparison shows that for Case b there was 
less differential depletion than for Case a, where 
the reservoir had no skin, and that for Case c there 
was more differential depletion than for Case a. 
These facts are readily explained; if a high resist- 
ance to flow is placed in the more permeable layer, 
it will tend to equalize the flow from the layers 
and, thus, will reduce differential depletion. 

Pressure build-up curves for these cases and for 
cases with no skin have the same sort of shape. 
However, the effect of the skin on pressure build- 
up curves is different for multilayer and single- 
layer reservoirs. For a reservoir composed of a 
single layer, the effect vanishes after a short in- 
terval of shut-in time; on the other hand, in a mul- 
tilayer reservoir the effect of the skin is present 
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during the entire range of shut-in time. This is true 
because, at the time the well is closed in, differ- 
ential depletion exists between the layers; during 
shut-in, flow must then occur from one layer to 
another through the wellbore, and the skin acts as 
a resistance to that flow. Hence, the influence of 
the skin is felt during the entire pressure build-up. 


FLOW INTO CASING AND 
TUBING DURING BUILD-UP 


To evaluate this effect, it was assumed that the 
flow from the formation did not drop discontinuously 
to zero at the instant the well was closed in, but 


that the flow decreased in an exponential fashion; 
that is, 


as discussed by van Everdingen* for the single- 
layer case. 

Results show that after-production deforms the 
straight-line portion of the pressure build-up curve 
in the same fashion that it influences the curve for 
a single-layer reservoir. Fig. 14 shows a build-up 
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FIG. 11—FICTITIOUS WELL RADIUS TO 
REPRESENT SKIN EFFECT. 
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FIG. 12 -PRESSURE-DECLINE CURVES SHOWING IN- 
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cutve both with and without after-flow. The two 
curves overlap for all shut-in times for which the 
flow due to after-production is essentially zero. 


EXTENSION TO THREE-LAYER RESERVOIRS 

Several examples of three-layer reservoirs were 
studied; results show that, qualitatively, their 
behavior is like that of a two-layer reservoir. Dif- 
ferential depletion exists between layers, the dif- 
ferential depletion being directly proportional to 
the total production rate. The shape of the pressure 
build-up curves is the same as that for two-layer 
reservoirs. Figs. 15 and 16 give examples of re- 
sults obtained for three-layer reservoirs. 


COMPARISON OF RESULTS WITH 
THE TEMPELAAR-LIETZ THEORY 


The previously mentioned work of Tempelaar- 
Lietz presents an approximate theory of the behavior 
of a two-layer reservoir where the layers had dif- 
ferent permeabilities, equal thicknesses and equal 
porosities. The simplifying assumption made by 
Tempelaar-Lietz in his treatment was that the pro- 
duction rate from each layer was proportional to 
the difference between average pressure in that 
layer and the well pressure, the constant of propor- 
tionality being a function of the parameters asso- 
ciated with that layer. 

The theory presented by Tempelaar-Lietz easily 
can be extended to include differences between the 
layers in thicknesses and porosities, as well as in 
well radii. The formulas obtained from this treat- 
ment are given at the end of this section. 

The results obtained by the Tempelaar- Lietz 
theory were compared with the exact solutions 
obtained in this study. It was found that the Tem- 
pelaar-Lietz solutions are very good approximations 
to the true solutions for pressure decline and rate 
behavior for all but early production times. To be 
more exact, the Tempelaar-Lietz solutions do not 
express the true behavior for early times (when the 
reservoir can be considered to behave like an in- 
finite reservoir) and for times shortly thereafter. 
After the influence of the boundary is felt, the 
Tempelaar-Lietz solutions become applicable with 
good approximation. A comparison of results is 
presented in Figs. 2 and 3, where both the true and 
approximate solutions are presented for one example. 
The approximate solutions are labeled with the 
subscript a. 

The Tempelaar-Lietz pressure-decline equation 
cannot be used as an approximation to the pressure 
build-up curves because the pressure values are 
needed at times at which the Tempelaar-Lietz so- 
lution is inapplicable. However, the portion CDE 
in Fig. 6 can be described by the Tempelaar-Lietz 
equation, and the method for finding average pres- 
sures described later will make use of this fact. 

The generalization of the Tempelaar-Lietz theory 
to the case of unequal properties of the layers gives 
the following formulas. 
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and qo(t) can be obtained from q2(t) = qr — q1(t). 
In these equations, A; is the recovery per unit 
pressure drop of Layer 7 and 7; is the productivity 
index of Layer j, as defined by 


J 
APPLICATIONS 


RELATIVE DEPLETION BETWEEN LAYERS 
One application of the results of this study lies 
in the prediction of relative depletion between 
layers as a function of withdrawal rate. 
If the rate of withdrawal q is not constant, the 
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solutions for varying rate can be built up by appro- 
priate superposition. The following example should 
make this clear. 


Example 

Let a well which penetrates two layers be pro- 
duced at a rate of 100 B/D for 30 days, shut in one 
day, then produced at a rate of 50 B/D. Find the 
differential depletion between layers at the end of 
60 days. The physical constants of the reservoir 
are as follow: ky = 0.05 darcy, kg = 0.005 darcy, 
by = 25 ft, bp =75 ft, c = 10-5 psi-t, = 0.5 cp, 
= 0.2, re = 500 ft and r,, = 1/4 ft; t’ denotes pro- 
duction time in days. 


Then 
2 
Ay = 1 = 6.99 bbl/psi, 
A2 = 20.97 bbl /psi, 
Tw 4 

= 2.583 B/D x psi , 

i2 775 psits 
and 


bi = + 0.652 , 


For the production schedule outlined, we have at 
the end of 60 days, 


= +0.652(100) [1 -0:1137(60)] 
~0.652(100)[1—e-0. 1137(60-30) ] 
+ ..0,652(50)[1 
100(30) + 50(29) 6.99 
192 
Pi Pa 20.97 20.97 
= 148 psi. 


Q1 = 6.99(192) = 1,342 bbl or 53.6 bbl/ft sand, 
QO» = 20.97(148) = 3,103 bbl or 41.4 bbl/ft sand. 
For a rate of 300 B/D, the corresponding pressures 
at the same cumulative total production are 
bi = 319 psi 
Pi = 106 psi , 
and the cumulative production per ft, 
Q;/hy = 89.1 bbl/ft sand , 
Qo/h2 = 29.6 bbl/ft sand . 

The effect of rate on the differential depletion 
thus is emphasized. These equations can also be 
used to calculate how near the average pressures 
in each layer approach one another during shut-in. 
The effect of a skin in each layer is taken into 
account by changing r,, in each layer according to 
the manner of Eq. 8. 

PRESSURE BUILD-UP FOR MULTILAYER CASES 

As shown previously, the pressure build-up 
curves for multilayer cases have a ‘‘tail’’ which 
gives an essentially different shape to the build- 
up curve from that obtained for one-layer reservoirs. 
The method for obtaining the average pressure in 
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the drainage area of wells in such cases thus must 
be different from that for more homogeneous cases. 
The initial section of such a build-up curve is 
linear on a plot of pressure vs log [At/(t + At)] as 
shown in Fig. 6 where At is the shut-in time. Next 
a slight flattening may occur, then a rise and, after 
a long time, a final flattening. In the initial straight- 
line portion, a value for (kyhy + kgh2) can be ob- 
tained from the slope by using 


+ Robo = 
slope, psi 


« (14.7) (2.303) , 


where q7 is the total production rate measured at 
reservoir conditions at the time of shut-in. 

The applicable equation for the section of the 
build-up curve subsequent to the straight-line sec- 
tion, provided the well has been producing long 
enough before shut-in, is 


bec dt 


where b and C are constants. Thus, a plot of log 
(6 ~— p) vs At should give a straight line. One 
method of determining p is to assume a value for 
p, make this type of plot, and see whether or not 
a straight line is obtained. If not, a new value of 
p is assumed and the plotting is repeated. Fig. 17 
shows a series of these plots for different assumed 
values of p. The correct value is seen to be about 
2,750 psi because the lines on either side curve 
away from each other. 

It has been found that types of reservoirs other 
than multilayer reservoirs also show this same 
exponential behavior during build-up. Fig. 18 is a 
build-up curve from a fractured dolomite reservoir, 
the dotted line being the extrapolation to the aver- 
age pressure determined by the plot in Fig. 19. In 
Fig. 20 a build-up curve from a hydrafracked reser- 


1000 
900 


300 


200 


100 


At (hrs) 


FIG. 17-—PLOT FOR DETERMINATION OF 
Dp. 


52 


voir is presented, the average pressure having 
been determined with the aid of Fig. 21. Fig. 22 
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JUNE, 1953. 
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is a build-up curve from a multilayer* reservoir in 
California. The exponential-rise type of build-up 
appears applicable to all three types of reservoirs. 


CONCLUSIONS 


The present investigation has shown that the 
simple formulas developed by Tempelaar-Lietz and 
generalized in this report can be used successfully 
for predicting differential depletion between layers 
of a multilayer reservoir except at very early times. 
The simpler formulas can also be used to predict 
pressure decline at the well. A method for deter- 
mination of average pressures of these reservoirs 
is presented. This method can be applied to multi- 
layer reservoirs and appears to be applicable to 
reservoirs of other types which have the same type 
of build-up behavior. 


PART II — MATHEMATICAL DERIVATION 


ASSUMPTIONS AND BASIC EQUATIONS 


We assume that the reservoir to be studied is a 
bounded, horizontal cylindrical disk, with a com- 
pletely penetrating well at its center, that its 
thickness is small enough that the forces of gravity 
can be neglected and that it is bounded above, 
below and on the outside by impermeable bound- 
aries. The reservoir is divided horizontally into n 
parallel layers which are separated throughout the 
reservoir by impermeable boundaries through which 
no fluid can flow. The radius of the wellbore at 
the jth layer is denoted by 7y,; and the exterior 
radius of the jth layer by re,;, Each layer is assumed 
to be homogeneous, isotropic, and filled with a 
fluid of small and constant compressibility c; and 
constant viscosity w;(j7 =1, 2,...., ). For each 


*For reservoirs composed of more than two layers, the appli- 
cable equation for build-up is of the type of Eq. 16, but it 
should contain n - 1 exponential terms if the reservoir contains 
n layers. Practically, however, it has been found that good 


results generally can be obtained by using only one exponential, 
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FIG, 22—CALIFORNIA FIELD, PRESSURE BUILD-UP 
(MULTILAYER RESERVOIR) MAY, 1952. 


layer, k; denotes its permeability, ¢; its porosity 

and 4; its thickness. The reservoir is initially at 

a uniform pressure p;; and, at all times t > 0, the 

fluid is withdrawn through the wellbore in such a 

manner that the total production rate g, measured 

at initial reservoir conditions, is held constant. 
For simplicity of notation we let 


= 


and define the pressure drops P; (r,t) by 

P (1, t) =p; — p;(7,t) 
where p,(7,t) denotes the pressure in the jth layer 
at a radial distance r and time t. Then, P; (r,t) must 
satisfy the equation 


This system of equations must be solved subject 
to the following initial and boundary conditions. 

1, At ¢ = 0, the pressure drop in each layer is 


P; (7,0) =0 | 
2. There is no flow across the outer boundaries, 
so that 


3, The pressures in all layers at the well are 
equal and, hence, the pressure drops are also equal; 

P;(r,t) =P,(t) atr=ry =1,2,...,2. (A) 
the function P,,(t) being independent of 7. 

4, The total production rate from all the layers 
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is constant and equal to g. 


where q(t) denotes the rate of flow from the jth 
layer into the well at time t. 


THE TRANSFORMED EQUATIONS 
AND THEIR SOLUTION 


Let X(z) = L[X(t)] denote the Laplace transforin 
of X(t) where z is the complex variable x + ty. 
Applying this transform to both sides of the Eqs. 1 
and using Eq. 2, we obtain the system 


Or Or nj 


which must be solved subject to the boundary 
conditions 


P. 
atr=Ty 
(8) 
n OP; 
Bj ( Or ) ©) 


Eq. 6 has general solutions of the form 


P; (1,2) =A;Ko + Bylo 


and A; and B; are constants to be determined from 


Eqs. 7, 8 and 9. These conditions lead to the set 
of equations 


A;Ky (yj V2) = Bly (yj v2) 
AjKo(ajVz) + Bjlo(ajVz) = P,(2) .(10) 


Letting 


= Ko aj V2) (yj V2) + aj V2)K (yj V2) 


Wiz) = v2) — (yj V2), 
we obtain by simple manipulation 
Wo 
and also 
P,(1,z) = 
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Yo, (2) 
(12) 
= = 


INVERSION OF THE SOLUTIONS 


In this section, we derive expressions for the 
inverses of the functions of Eqs. 11, 12 and 13 
suitable for numerical calculations at large times. 

Letting 


F(z) = Vz > 
B; Yo,(2) 
so that 
P 
F(z) ’ 
we first note that Veh; (z)/p is a 
function and that, therefore, five functions P,,(z), 


and are also functions. 
From the stability of the physical system, it also 
can be deduced that these functions do not have 
poles with positive real part. 

Expanding 1/F(z) about z = 0, we obtain 


4 
z 


so that 


2t wj 

P(t) + 
= Biv; 


where Y(t) represents the contribution of the other 
poles of Py (z). These poles are the non-vanishing 
roots’ Of we let. this equation 
can be written 


~ 1 (ajs)Ky(y;s) 


=0. (15) 


It can be shown that the roots of this equation are 
conjugate complex and lie on the imaginary s axis. 

Letting <2), . denote the non-zero 
roots of F(z) = 0 and letting Vz Zp so 
that the xp are roots of 


G(x). = 
n Jy (a;x)Yy (y;x) 
1 119; 11% 
j=1 Yo(ajx) Jy (y;x) Jo(ajx) 
we have 
q oo 
Y(t) = .(17) 


k 
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n n 
w,j 
= 


Evaluating this expression with the aid of the 
eigenvalue Eq. 16, we obtain 


Y(t)=— 
n (%, jk + $f ik) 
B; 
26, ik 
. (18) 
where 
Po, jk = Yo(a;x,) ho; xp) Ip (a; xz) Y; Xp) 


jk (a gx — Jy (a; x;) Yi (yj 

This expression for Y(t) is correct for all values 
of t. In the calculations performed, it was found 
that the times for which the solution was evaluated 
were large enough that only the smaller roots x, 
were needed to evaluate Y(t). 

For such values of t, Eqs. 16 and 18 were sim- 
plified to 


(y;x) 
In ajx — Yy(y;x) 
and 
Y(t) 
xt 
4 1 J f(y; xp) 
= B; 5 
(20) 


respectively. Tite che approximations 
checks in each case calculated. 

If we assume that the first root of Eq. 19 is 
small, further approximations can be made for the 
calculation of this root. For the case of two layers, 
Eq. 19 then becomes 


1 


From this, the smallest root x1 can be approximated 


It is interesting to note that this expression 
coincides with the exponent obtained in the sim- 
plified theory of Tempelaar-Lietz for two layers. 


The transform of the production rate from the jth 
layer is given by 


wif) 


Bja 
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By a procedure similar to the one used in obtaining 
P,,(t), we obtain 


j if 
where 
= 
jk 
B; 
26, jk 
(23) 


The xz are the non-vanishing roots of Eq. 16. 
Again for large values of t, a simplified expres- 
sion for Eq. 23 can be constructed. This is 
Z,(t) = 


2 
7 
1 JH y; xR) 


. (24) 


A treatment the soluciod P; (r,t). 


B; 


THE PRESSURE AT SMALL TIMES 


The use of the solutions derived in the preceding 
section is not convenient for small times, since 
too many terms in the expressions for Y(t) and 
Zj(t) are required. However, since it is known that 
a bounded reservoir behaves as an infinite reservoir 
during its early life, the solutions corresponding 
to infinite and bounded reservoirs must coincide 
for all times smaller than the time at which the 
influence of the boundary is said to be felt upon 
the behavior of the reservoir. 

The actual procedure used in the calculation of 
the results obtained in this paper was, first, to 
evaluate the solution corresponding to an infinite 
field, and, then, to evaluate the solution corre- 
sponding to the bounded reservoir, using enough 
terms in the series for the transient parts of the 
solutions to obtain a significant time range where 
the two solutions would overlap. 


The solution to the problem of finding the well 
pressure in an infinite field composed of n horizon- 
tal layers has been solved by Horner.* The equa- 
tions to be solved are the same as for the bounded 
reservoir, but the boundary equation in Eq. 3 must 
be replaced by the condition 


P; (r,t) > 0 asTr+o, t>0, 


The solution for P,,(t) can be written 


*The authors gratefully acknowledge this contribution which 
has only been published within the Shell companies, 
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t 
Xp—- Yy (y;x 
| 1 | 
= 


y*as 
B; In 
= In yt +J(t)], 
4n 3p F 
j 
26 
where 
43.8 
y(t) f e- ut j i 
u 
+ YS; 
du 


B; 
1u\j=1 


2 
(2 
j=l 


2 
Jo; 07 


The following abbreviations have been used. 


Joj = Jo (ajVu) 
= , 
Yo; = Yola;Vu) , 
= Y,(a;Vu) 


The integral in the form given in Eq. 27 is quite 
intractable for numerical calculations. Forthe case 
of nm = 2 (that is, when the reservoir is composed 
of only two layers), however, approximations can 
be obtained which make a numerical analysis 
possible. 

Introducing approximations for the Bessel func- 
tions for small values of u, we can show that 


By Bq 1n?(a4/a3) 0 dy 
+ Bo)? 0 ul(1n u—A)2 +77] 
where 
2 

By +B, InX a2 

4 4 
By + Bo 


Now if we let r = te4, the integral in Eq. 28 is 
transformed into the integral 


du 


Wr) = f 


0 


This integral must be evaluated to calculate J(t). 
From the table of Laplace transforms of McLach- 
lan, Humbert and Poli® it can be found that 


This last integral can be further transformed as 
follows. 


n 
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oo 1 1 
= F 
9 D(ut+n+1) i 
where 
F(r,u) = 


n=0 [(ut+n+1) 
This function F(7,u) satisfied the differential 


equation 
dF 
dr 


with the condition F(0,w) 
we find that 


= 0. Solving this equation 


F(r, —v yu-1 Jy = 

(1,u) = Tal ldy =e Ta) 
where 

Ou,7) = fen dy 


is an incomplete gamma function. Then, upon sub- 
stitution of these results, 


This expression is used to calculate ¢(7) for 
values of 7 < 10. For values of 7 > 10, an asymptotic 
expression is used for Q(u,7) which gives rise to 
the 

dv l=r v dv 
+ + 
f 2 PT (1 


4 _v? dv. (39) 
r¥T(1 -v) 
It is found that the magnitude of the last two terms 
decreases rapidly with increasing values of 7. 

An upper limit for ¢{7) can be obtained in the 
following manner. 


1 


This upper limit gives a good approximation for 
(7) for large values of 1. 
The values of ¢(r) obtained are given in Table 1. 


TABLE 1 - VALUES OF ¢(7) 


1 0.452 1x 104 0. 1003 
2 0.392 2x 104 0.0939 
3 0.359 4x 104 0.0883 
4 0.337 1x 105 6.0818 
6 0.308 2x 10° 0.0775 

1x 10 0.2765 4x 10° 0.0736 

2x 10 0.2398 1x 106 0.0690 

4x 10 0.2100 2x 106 0.0659 

1x 102 0.1792 4x 10 0.0631 

2x 15 0.1608 1x 107 0.0597 

4x10 0.1456 

1x 103 0.1291 

2x 103 0.1189 

4x 103 0.1101 


SOCIETY OF PETROLEUM ENGINEERS JOURNAL 


THE PRODUCTION RATE AT SMALL TIMES 


The production rate at small times is obtained 
from the solution for an infinite reservoir evaluated 
in the case of two layers. The Laplace transform 
of the fraction production rate from the first layer 
is 


K,(a, V2) 

Ko(a, vz) Ko(az Vz) 
The corresponding solution is 
(t) B+ Gy(z) 


q 2m 


the path of integration passing to the right of the 
origin. Replacing the Bessel functions by the ap- 
proximations 


Vz) =~ Int 
1 


a, Vz A 
and neglecting quantities of the order a, it can be 
shown that 


qy(t) 


By In et 


2m 2 
In a, Vz+Bo a, Vz 
or 
q B-i%? By Bo 
a 


(By +B) a? z(Inz—A) 

where A is defined as before. The first term in the 
integrand yields the constant 0; /(B1 + B2). The 
integral 

at 

2ni Bi? z(1n z —A) 
is evaluated as follows. According to Doetsch,® 

z(1n z—A) 


is the Laplace transform of 


J du (7 e (35) 


The function Eq. 34 has a pole at z = eA which, 
however, does not contribute to the integral Eq. 33. 
This contribution, therefore, must be subtracted, 


yielding 
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dz co tt dy 
2ni z(1n z-—A) 


We can then write 
a 


RPNIN 


(By 


it can be noted that values of (7) have already 
been calculated for evaluation of the pressures. 

The effects of the transient terms in the infinite 
solutions are both proportional to (7); but, whereas 
this effect is negligible in the pressure equation 
for all but very small times, the effect of this term 
on the rate solution is in general of considerable 
magnitude. 


d(7) . .(36) 


INCLUSION OF THE SKIN EFFECT 


The skin factor S; of the jth layer is defined by 
the equation * 

The equations to be solved are the same in the 
presence of a skin as without one, except that the 
boundary condition (that the pressures at the well 
are the same in all layers) must be restated to say 
that the pressures inside the wellbore are the same 
in all layers. This can be stated as 


+ P(t) 7 2, 


where P,,(t) is independent of 7. 

The method of analysis used to solve this prob- 
lem is identical to the method outlined for solving 
the equations without the skin; the equations are 
similar, and only some extra terms containing Sj 
are present. 

The transform of P,,(t) can be obtained as 


where 


= a,;S; Vz + Yo <2) 


and Yo j(2) and W1;(z) have the same meaning as 
as before. Similarly 


(2) — 


q;(z) = 2nB ja; Vz (40) 


The functions P,,,(z) and Gj(z) are again meromor- 
phic functions of z, and the inversion proceeds in 
the same manner as before. Then, 


*Where Ps; denotes the pressure drop at the well in the for- 
mation in aver 
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q 
— 
= 


P(t) = 


(= 
(3 1 
where Y;(t) represents the transient solution. 
With the same approximations as before and in 
the time range of validity of these approximations, 


the skin factors S; always appear in such a fashion 
that they can be completely absorbed by replacing 


a; by aj, which is defined by 


The solution for the infinite reservoir with skins 
was found by a method similar to the one used by 
Horner; it was concluded that again, in the time 
range of validity of the approximations taken when 
no skin was present, the presence of the skin 
factors in the equations could be absorbed into 
the quantities a; in the manner of Eq. 42. 

Hence, it can be concluded that, for times of 
practical importance, the effect of a skin with skin 
factor S; in each one of the layers can be described 
completely by assigning a fictitious well radius 
ron to each layer, the relation between the true 
well radius 7y,; and Dig being given by 


NOMENCLATURE 


> 


j recovery/unit pressure drop of Layer 7 


(Eq. 14) 


thickness of jth layer, cm 


> 


II 


h1 + bo, total thickness, cm 


| 


= productivity index of Layer 7 (Eq. 15) 


permeability of jth layer, darcy 


(kyhy kohg)/ (hy ho weighted mean 
of permeabilities, darcy 


{ 


It 


i 


pressure in the jth layer at position r 
and time ¢, atm 


™ 
~~ 


pressure at the well at time t, atm 


average pressure in the jth layer at 
time 


~ 
~ 

i 


pressure obtained by straight-line ex- 
trapolation of first linear portion of 
Pw vs In + At) ] 

Py; = pressure in the formation of Layer 7 at 

the well 


* 


Pj(7,t) = pressure drop in the jth layer at posi- 
tion r and time ¢ 


P.,(t) = pressure drop function at the well 


qT = total production rate from multilayer 
reservoir in cc/sec, measured at ini- 
tial reservoir conditions 


qT = total production rate in cc/sec measured 
at average reservoir conditions 
qj(t) = production rate from jth layer at time t, 


in cc/sec, measured at initial reser- 
voir conditions 


qj(At,t) = flow rate out of jth layer at shut-in time 
At for a well closed in at production 
time 

qc(At) = production rate during after-production 


at dimensionless shut-in time At 

Ot) = cumulative production from Layer 7 at 
time ¢, in cc, measured at initial res- 
ervoir conditions 


re = fictitious well radius to represent skin 
effect, cm 

S; = skin factor of jth layer, dimensionless 

iss = production time, days 


= time at which the pressure disturbance 
reaches the point 7, sec 


Y(t) = transient solution in well-pressure equa- 
tion 

Z;(t) = transient solution in rate equation for 
jth layer 

a = loading constant (dimensionless) with 
respect to T 

AD(t) = differential depletion per unit thickness 


at time t between the layers of a two- 
layer reservoir 


At = shut-in time, sec 

Atp = dimensionless shut-in time = kAt/dycrZ, 

oil-filled porosity of the jth layer, di- 
mensionless 


+ + b2) weighted mean 


of porosities 


Il 


y = Euler’s constant, In y = 0.5772 
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Effect of Viscosity on Relative Permeability 


J. DOWNIE 
F. E. CRANE 


INTRODUCTION 


The general application of Darcy’s law to natural 
rocks has already been challenged in the literature. ! 
The evidence shows that the permeability as calcu- 
lated from the Darcy equation can be a function of 
the pressure drop and the salt concentration of the 
water phase. Most explanations for aberrant behavior 
involve clays and their properties and have been 
qualitatively satisfactory.Recently, however, Odeh? 
revived the theoretical views of Yuster.3 Since 
Yuster’s concept implies a fundamental error in 
using Darcy’s relationship for two-phase flow, and 
not merely that conditions may limit its use, Odeh’s 
experimental support arouses considerable interest. 
However, Odeh’s work as presented is thought to 
to be inadequate. He has omitted important informa- 
tion about his materials and procedures; therefore, 
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acceptance of his conclusions should be withheld. 

Since a clay effect is possible, Odeh should have 
been allowed space to present a more detailed 
account of the rocks which he used and the pre- 
cautions which he took to avoid confounding the 
effects of clay and fluid circulation. In addition, 
it follows from Odeh’s discussion that the oil 
relative permeability should increase as the vis- 
cosity ratio increases. Odeh presents data corrob- 
orating this deduction. It also follows that the oil 
relative permeability should decrease as the vis- 
cosity ratio of oil to water decreases. However, our 
results show that a high relative permeability, when 
once attained by using a viscous oil, may be main- 
tained when that oil is replaced by an oil of much 
lower viscosity. 


EXPERIMENTAL PROCEDURE 


The results are shown in Fig. 1 and were obtained 
as follows. Sandstone cores, 3-in. long x 1-in. in diam- 


Sie tirentcs given at end of paper. eter and which contained clays, were saturated with 
200 200 800 15 
CORE | CORE 2 CORE 3 CORE 4 
BEREA SANDSTONE BEREA BEREA SANDSTONE TENSLEEP 
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= 
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a. 
|e 
a 
SEQUENCE OF OPERATIONS 
FIG. 1 —- EFFECTIVE PERMEABILITY RELATED TO THE SEQUENCE OF OPERATIONS. 
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brine (50g. NaCl/l. solution),and the permeabilities 
were measured in a slightly modified Penn State 
apparatus, Each core was flooded with the lowest- 
viscosity oil (i.e., Soltrol having a viscosity of 
1.42 cp), and the oil permeability was measured 
with the residual brine stationary. This was the 
saturation region which Odeh found produced the 
greatest effect. The low-viscosity oil was then 
displaced by higher-viscosity oils — either Wemco 
(viscosity = 13.2 cp) or Merusol (viscosity =73.3 cp) 
— and the effective permeability to oil was again 
measured, The low-viscosity Soltrol was again 
introduced into the core so as to displace the Merusol 
miscibly, and the effective permeability was meas- 
ured, The fluids followed one another in the order 
shown in Fig. 1. 


CONCLUSIONS 


We conclude that oil viscosity can influence the 


effective permeability of some natural rocks to oil. 
However, when once attained, such an increase 
is not necessarily lost on replacing the high-vis- 
cosity oil with one of low viscosity — an observation 
strongly at variance with Odeh’s analysis but 
qualitatively explicable in terms of the movement 
of colloid particles at oil-water interfaces. 
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DISCUSSION 


A. S. ODEH 
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It is gratifying to see that Downie and Crane, on 
the basis of experimental results, concluded that 
“‘oil viscosity can influence the effective permea- 
bility of some natural rocks to oil’. The authors 
also suggest that once the influence is attained it 
is not lost, which is at strong variance with Odeh’s 
analysis.1 

In examining the authors’ results, Odeh does not 
see such a strong variance; in fact, he detects 
support. Admittedly, in Cores 1, 2 and 3 the effec- 


MOBIL OIL CO. DE VENEZUELA 
CARACAS, VENEZUELA 


tive permeability to Soltrol was higher in the second 
cycle than in the first, but it was still lower than 
the effective permeability to Merusol, the more 
viscous oil. This is in line with Odeh’s analysis. ! 
The writet has no explanation for Core 4. 


As far as the effect of clay on Odeh’s work, Table 
11 indicates that the corrected air permeabilities 
checked with the liquid permeabilities, thus imply- 
ing a negligible clay effect if any. 


AUTHORS’ REPLY TO A. S. ODEH 


Odek! omitted to describe what would seem an 
obvious and necessary extension of his investiga- 
tion of the relationship between relative permeability 
and viscosity ratio. If Odeh’s analysis is correct, 
the relative permeability to oil must increase when 
the viscosity ratio increases and must decrease 
again by the same amount when the viscosity ratio 
is returned to its original value. 


However, our results indicate that this is not 
necessarily so. We presented a group of results 
(Fig. 1) which provide examples of slight decreases 
in effective permeability (Cores 1 and 2), no change 
in effective permeability (Core 3) and an increase 
in effective permeability (Core 4) when a more- 
viscous oil is replaced by a less-viscous oil. 


loOdeh, A. S.: ‘Effect of Viscosity Ratio on Relative Permea- 
bility’’, Trans., AIME (1959) Vol. 216, 346, 
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Our contention, which is in danger of misrepre- 
sentation by Odeh, is that the increase in permea- 
bility is not necessarily lost on replacing the high- 
viscosity oil with one of low viscosity. This is at 
variance with Odeh’s analysis. Support by selection, 
as employed by Odeh in his discussion of our paper, 
seems an approach of contestable validity. 

The effect of the presence of clay particles on 
the permeability of a rock is still incompletely 
understood. The identity of air and liquid permea- 
bilities is open to various interpretations until the 
liquid is more fully described. For example, if the 
liquid used were distilled water the implication 
would be that clays were absent or inert and, if the 
liquid were a concentrated CaCl, solution, that 
clays might or might not be present. However, at 
this stage in our knowledge of clays, there is no 
implication that clays (if present) would not affect 
the relative permeability to oil. KK 
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An Imbibition Model—Its Application to Flow Behavior 
and the Prediction of Oil Recovery 
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INTRODUCTION 


The displacement of a wetting fluid from a porous 
medium by a non-wetting fluid (drainage) is now 
reasonably well understood. A complete explana- 
tion has yet to be found for the analogous case of 
a wetting fluid being spontaneously imbibed and 
the non-wetting phase displaced (imbibition). During 
the displacement of oil or gas by water in a water- 
wet sand, the porous medium ordinarily imbibes 
water. The amount of oil recovered, the cost of 
recovery and the production history seem then to 
be controlled mainly by pore geometry. The influence 
of pore geometry is reflected in drainage and imbibi- 
tion capillary-pressure curves and relative permea- 
bility curves. Relative permeability curves for a 
particular consolidated sand show that at any 
given saturation the permeability to oil durin 
imbibition is smaller than during drainage.) 
Low imbibition permeabilities suggest that the 
non-wetting phase, oil or gas, is gradually trapped 
by the advancing water. 

This paper describes a mathematical image 
(model) of consolidated porous rock based on the 
concept of the trapping of the non-wetting phase 
during the imbibition process. The following items 
have been derived from the model. 

1. A direct relation between the relative per- 
meability characteristics during imbibition and those 
observed during drainage. 

2. A theoretical limit for the fractional amount 
of oil or gas recoverable by imbibition. 

3. An expression for the resistivity index which 
can be used in connection with the formula for 
wetting-phase relative permeability to check the 
consistency of the model. 

4, The limits of flow performance for a given 
rock dictated by complete wetting by either oil 
or water. 

5. The factors controlling oil recovery by imbibi- 
tion in the presence of free gas. 
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The complexity of a porous medium is such that 
drastic simplifications must be introduced to obtain 
a model amenable to mathematical treatment. Many 
parameters have been introduced by others in 
“‘progressing’’ from the parallel-capillary model 
to the randomly interconnected capillary models 
independently proposed by Wyllie and Gardner3 
and Marshall4. To these a further complication 
must be added since an imbibition model must trap 
part of the non-wetting phase during imbibition of 
the wetting phase. Like so many of the previously 
introduced complications, this fluid-block was 
introduced to make the model performance fit the 
observed imbibition flow behavior. 


THE IMBIBITION MODEL 
ASSUMPTIONS 


The following assumptions are common to many 
two-phase models previously described. 

1. The wetting characteristics of the medium are 
clearly defined. 

2. When two fluids co-exist in the medium, the 
wetting phase will fill the smaller pores and the 
non-wetting fluid the bigger ones. 

3. The pores have a circular cross section. 

4. Apparent pore radii are related to the capillary 
pressure (drainage) by 


5. The size distribution of the pores defined 
in Assumption 1 can be derived from the drainage 
capillary-pressure curve. 

A model valid for the imbibition process must 
meet the following additional requirements. 

1. When the medium has been desaturated to its 
irreducible wetting-phase saturation S,,; , the relative 
permeability to the non-wetting phase must be the 
same whether computed for the drainage process or 
for the imbibition process. 

2. A mechanism must be provided for the wetting 
phase to by-pass pores full of non-wetting fluid. 

3. Walid results must be given when other prop- 
erties of the medium are computed. 
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DESCRIPTION 


The imbibition model is a combination of Wyllie 
and Gardner’s3 and Marshall’s4 representation of 
a porous medium, with additional provisions to 
allow the invading fluid to by-pass and block pores 
full of non-wetting phase. 

The random interconnection of pores, characteristic 
of a porous material, is created by slicing the model 
normal to the capillaries as shown in Fig. 1. Two 
parts (1 and 2) thus are created with exposed Faces 
A and B, which are rejoined to form one element 
of the model after a random rotation of Parts 1 and 
2 about the axis of the capillaries. A fluid particle 
entering the element through a capillary of Part 1 
is dispersed through pores of Part 2 at the contact 
of A and B. 

The ratio ¢ of void area to total area in Faces 
A and B is taken equal to the porosity of the real 
medium. This is justified by the fact that, in an 
isotropic porous medium, space and surface porosity 
are equal. The irreducible wetting-phase saturation 
is assumed to be part of the solid matrix, and the 
porosity ¢ is replaced by an effective porosity $* 
equal to ¢ (1 — S,,;). 

The effective pore-size distribution of the model 
is defined by the drainage capillary-pressure curve 
of the real medium. To this point the model is like 
that described by Wyllie and Gardner 

The blocking of the non-wetting phase during 
imbibition can be readily visualized for a real 
medium. Access to a large pore such as that of Fig. 
1 (a) may be controlled by small pores. When all the 
adjoining small pores are filled with the wetting 
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FIG. 1—SCHEMATIC DIAGRAM OF MODEL COMPO- 
NENTS, THEIR SATURATIONS DURING DRAIN- 
AGE AND IMBIBITION. 
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phase, the non-wetting fluid occupying the large 
pore cannot escape by any simple mechanism in- 
volving viscous flow. Forms of mass transfer such 
as diffusion of gas through the wetting phase are 
excluded from consideration. The blocking mechanism 
which occurs in the real medium cannot be duplicated 
in a single element of the model such as shown in 
Fig. 1 (b). A further difficulty arises when two 
identical elements are placed in series (Fig. 1c). 
The permeability of the resulting element is not 
equal to that of the individual components, as in 
the case of a real medium. 

To overcome the latter deficiency and to satisfy 
the blocking requirement, an artificial space is 
introduced at the end of each element which will 
be called the ‘‘collecting space’’ (see Fig. 1d). 
The collecting space does not represent a physical 
reality but is used only to meet the model require- 
ments specified earlier in the paper. 

The collecting space introduces the fluids, leav- 
ing Part 2 of any element into the proper capillaries 
of Part 1 of the following element. Thus, all the 
elements are in the same condition. In addition, 
the collecting space acts as a valve to trap the 
non-wetting phase in the manner explained as 
follows. 

During the drainage process, when the capillary 
pressure becomes sufficiently large that the non- 
wetting phase invades capillaries with radius r, 
all larger capillaries are desaturated and there is 
no by-passing of blocking of the fluids. During the 
imbibition process, the collecting space allows 
all the capillaries of Part 1 of any element to be 
saturated by the imbibed fluid while only those 
capillaries of Part 2 which abut against larger ones 
are permitted to saturate. Thus, the wetting-fluid 
saturations of Parts 1] and 2 will differ during imbibi- 
tion. The wetting-phase saturation of Part 1 will 
be the same during drainage and imbibition, whereas 
that of Part 2 will be lower during imbibition because 
of the by-passed non-wetting phase. Fig. l(e) com- 
pares a model saturation distribution which results 
from drainage with that which resultsfrom imbibition 
to the same capillary pressure. 

The relative permeabilities at any stage of 
the imbibition procees can now be derived from 
the model by determining the area available to flow 
fof each of the phases occupying the medium. (The 
expression for 20d ate developed 
in the Appendix, and k,,,,/g,) is shown to be a lower 
limiting value of 


MODEL CHARACTERISTICS 


RELATIONSHIP BETWEEN DRAINAGE AND 
IMBIBITION SATURATION 


The relationship between the drainage and imbibi- 
tion saturation for equal values of k,,.,, which is 
established by the model is given by Eq. 25 *. 


*The development of the formulas expressing the capillary- 
pressure and relative permeability behavior of the imbibition 
model may be found in the Appendix. 
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The family of curves of Fig. 2 shows the imbibition 
saturation vs the drainage saturation with the S,,; 
value as a defining parameter. The imbibition model 
is linked to any prototype whose fluid distribution 
is controlled by capillary forces by making the 
model capillary-pressure curve the same as that 
of the prototype. 


MAXIMUM OIL RECOVERY 


The maximum quantity of oil recoverable by ideal 
imbibition conforming to model requirement is equal 
to 50 per cent of the oil initially in place. This 
value is determined by making = 


DRAINAGE AFTER IMBIBITION 


Let the medium reach a saturation S;,,, through 
an imbibition process. The pores with radius 7, to 
r; are filled by the wetting fluid, except for those 
pores where the non-wetting phase is blocked. 
Assume that at this point the process is reversed 
and that desaturation begins. The biggest pores 
filled with wetting fluid, which are the pores with 
radius r; are emptied first. At this stage, the fluid 
distribution in all the pores with radii 4, 1 to ry 
has not been modified and is exactly the same as 
it was before the wetting fluid was imbibed into 
pores with radius r,; the permeabilities after desat- 
uration and before imbibition are the same. This 
description of desaturation after imbibition is inde- 
pendent of r, and the relative permeability curves 
which describe desaturation after imbibition are 
the same as those governing the imbibition process. 
The behavior taught by the model conforms to the 
observed stability of relative permeability curves 
after a cycle of oil displacing water and water 
displacing oil.5,6 


RESISTIVITY INDEX 


The resistivity index can be shown to be given 
by 


|= Simp 


where ¢ is a function of S;,,, smaller than or equal 
to one. The formula for the resistivity index can be 
used to check the consistency of the model. € can 
be computed from experimental measurements of 
I and introduced into the computation of relative 
permeability to the wetting phase. These computed 
values, in turn, can be checked against experimental 
results. 


_ MODEL APPLICATION 
IMBIBITION RELATIVE PERMEABILITY 


Although the assumptions necessary to build the 
model are too sweeping and arbitrary for the results 
to be rigorously applicable to real reservoir rock, 
the agreement between measured and predicted rel- 
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ative permeability is surprisingly good. Fig. 3 
(a, b and c) shows three sets of measured curves 
from different sources5»7 with the corre sponding 
computed values. Here, the agreement is excellent. 
In general, as the rock characteristics shift toward 
those of unconsolidated sands (i.e., toward high 
permeability and low S,,; values), the conformance 
between predicted and observed behavior becomes 
poorer. From the experience acquired in checking 
the model predictions against available data, the 
agreement seems to be generally good for con- 
solidated sands characterized by S,,; values in 
excess of 15 per cent. 

Fig. 2 shows the model definition of the water 
Saturation for an idealized porous medium which 
has undergone imbibition (water invasion) from 
the irreducible water saturation. It is a graphical 
picture of the solution of Eq. 25. The S,,; value 
designating each curve is the parameter used to 
characterize the pore geometry. Hence, if one can 
measure or otherwise estimate’ S,,;, one can define 
in a few minutes the corresponding imbibition oil or 
gas relative permeability curve. 

The practice of working wholly from the S,,; value 
of a sand is acceptable only in the absence of any 
measured flow data. When gas relative permeability 
curves are available it is recommended that they be 
used to define the imbibition ky, curve from Fig. 3. 
Use of measured gas relative permeability data com- 
pensates, at least in part, for the deviation of the 
actual pore-size distribution from the distribution 
which is assumed when working from S,,; values 
alone. 

It is interesting to note that, if the relation be- 
tween S,,*;,, and S,,*g, given by Eq. 25 is ac- 
cepted, the equation for the non-wetting drainage 
relative permeability (Eq. 32 of Ref. 3) may be 
transformed into an approximation for the imbibition 
relative permeability. Thus, 


*2 


0.5-Sy, imb 
Keg (imbibition). ( 05 ) ( 


RECOVERABLE OIL. 


It is evident that the model value of 0.5 for the 
fractional recovery of oil in place results from the 
assumptions of random pore interconnection and of 
trapped non-wetting phase. These assumptions are 
substantiated by the fact that they lead to predic- 
tions agreeing closely with observations made on 
many consolidated media. 

The development of both drainage and imbibition 
models is based on the premise that the equilibrium 
saturations, at which the effective permeabilities 
become (approach) zero, depend on the pore-size 
distribution. Since the assumed interconnections in 
the models are certainly oversimplified, the behavior 
of a reservoir sand having a particular S,; value 
might depart from that predicted by the model. This 
will be particularly true near the equilibrium satu- 
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rations when the extremes in the pore sizes dominate 
the behavior of the fluid. Thus, as an imbibition or 
drainage process approaches the limiting values, 
one expects and observes differences between 
model and sand behavior. 

It is difficult to assess the agreement between 
the residual oil saturation predicted by the model 
and that which actually occurs. Rough estimates of 
oil recoverable by water flood quite commonly match 
the 50 per cent figure predicted by the model.8 
Nevertheless, firm field or laboratory evidence based 
on data which meet model requirements are hard to 
find. Much of this difficulty stems from the infre- 
quency with which reliable S,,,; values are reported. 
The curves of Fig. 3 show the good agreement 
which would obviously result were steady-state 
relative permeability tests used to estimate re- 
siduals. In such tests, the saturation changes are in- 
duced in a gradual stepwise manner so the condition 
for an imbibition saturation distribution are favorable. 
In a flood on a small test plug made at a high 
pressure gradient, the conditions favorable for 
imbibition are doubtful and poorer agreement between 
observed and predicted values is expected. 

The laboratory data of several investigators 9-12 
who used widely divergent displacement techniques 
and the locus of S,, predicted by the model are 
plotted on Fig. 4 as S,,;vs Soy. The obvious scatter 
of the data seems to confirm rather than condemn 
the usefulness of the model prediction. The plotted 
data include tests by Welge !9° and Stahl 2 which 
were made under complete capillary control, flood 
tests on both sands and limestones and flood tests 
on cores containing free-gas saturation induced by 
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FIG. 2-MODEL RELATIONSHIP BETWEEN DRAINAGE 
AND IMBIBITION SATURATIONS AS A FUNC- 
TION OF S,;. 


both external and internal gas drives. The predicted 
curve is about as good a ‘‘fit’’as could be expected. 
Welge cautioned that his data could not be repro- 
duced to better than 10 per cent V,. Where flood 
tests were conducted on cores containing free gas, 
the plotted S,, values on Fig. 4 are values of ‘‘one 
minus the final water saturation achieved’’. 

It may be worth emphasizing that the percentage 
of oil recovery predicted by the model is the oil 
recoverable by idealized imbibition into a completely 
water-wet system. Departure of the surface wetting 
from the ideal water-wet condition may change the 
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FIG. 3 -COMPARISON OF CALCULATED AND OBSERVED IMBIBITION RELATIVE PERMEABILITY FOR THE NON- 
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WETTING PHASE. 
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FIG. 4-RESIDUAL OIL SATURATION (S,,) AS A FUNC- 
TION OF IRREDUCIBLE WATER SATURATION 
(Swi); Sop PREDICTED COMPARED TO THAT 
OBSERVED. 


recoverable oil even from a sand whose pore geom- 
etry conforms to model requirements. Departure of 
the real distribution of pore sizes from the idealized 
distribution of the model will also cause the ob- 
served permeability to approach a zero value at a 
different limiting saturation. 


LIMITS ON THE ROLE OF WETTABILITY 


The water relative permeability for the imbibition 
cycle departs only slightly from that of the wetting 
phase during drainage. The drainage k,,, curve is 
shown in the Appendix to be the lower limit of ky, 
of an imbibition process. Although little work has 
been done as yet on the behavior of the wetting 
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phase, the imbibition Ryy curve derived from the 
model lies very close to the drainage k,,, curve. 
The conformance between measured drainage and 
imbibition k,,, is so good that it seems justifiable 
for present needs to use the much simpler drainage 
curves for the wetting phase. Experimental evidence 
of the similarity between drainage and imbibition 
kpy Curves is shown in Refs. 2, 5 and 7. 

If this suggestion is adopted, it is easy to con- 
struct Curves for a consolidated sand having 
a known S,,; value. The curves can be constructed 
for both drainage 3,13 and imbibition processes. If 
water invades the sand, its limiting behavior when 
completely water-wet must be characterized by the 
imbibition k,/k,,, curves of Fig. 5. These are 
labelled water-wet to signify the limiting flow be- 
havior expected during imbibition of water. Were the 
sand completely oil-wet, water invasion would be 
a drainage process and the limiting curves labelled 
“oil-wet’? would apply. Thus, for a consolidated 
oil sand subjected to a water flood, the curves of 
Fig. 5 define the limits between which flow behavior 
can be influenced by wettability. Similar curves 
for other S,; values readily can be constructed 
which show clearly the increased sensitivity of 
water-oil flow behavior on wettability as the S,,; 
values increase, 

The limiting ratio curves are shown for two sands 
characterized by different S,,; values; S,,; = 0.30 
and 0.15, respectively. If the sand having an S,,; 
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value of 0.30 were to change from a water-wet 
condition to a completely oil-wet condition, the 
kyo/kyy tatio and the 50 per cent saturation value 
would decrease to 1/600 of its water-wet value. 
In contrast, a sand characterized by an S,,; value 
of 0.15 would experience a much less-marked change 
in flow behavior due to a like change in wettability. 
At 50% saturation, the k,,/k,,,, ratio would decrease 
to only 1/30 of the water-wet value. 

A point of interest lies in the interpretation of 
flooding tests which may have been conducted on 
test plugs of intermediate wettability. Oil residuals 
shown by flood tests on plugs which had been made 
partially oil-wet by mud filtrate or surface handling 
may be erroneously low, as shown by Fig. 5(a). 
However, the same conditions in a test plug of low 
permeability (Fig. 5b) might indicate an erroneously 
high residual oil saturation. A more detailed picture 
of the effect of wettability is shown in Fig. 6. A 
marked difference is evident between the oil relative 
permeability curves measured on oil-base mud cores 
before and after extraction. For comparison, the 
limiting oil-wet and water-wet behavior predicted by 
model theory is also shown. Note how the inter- 
pretation of the intercept, k,, = 0, as a residual oil 
can be misleading when the condition of the rock 
surface is uncertain. 

It is conceivable that the practical use of the 
imbibition model to estimate recoverable oil may 
lie in the limiting ratio curves. By the use of these, 
the effective residual oil saturation would not be 
decided by the ultimate saturation achievable but 
by the permeability ratio beyond which further oil 
recovery becomes unattractive. 


EVIDENCE OF RESERVOIR WETTABILITY 


A search of company files and the industrial 
literature has failed to uncover an example of oil- 
water k,,/k,,, curves which lie near the oil-wet 
limits. The experimental data plotted on Fig. 5 
show some of the correlations. 6,14,15 Although the 
Si values of the test sands were rarely known 
exactly, the approximate values assigned are 
certainly close to those for which the correlating 
model curves are shown. Even the Bradford sand, 
so often described as oil-wet, yields kyo/ky,, Curves 
very near the water-wet limit. A few data gathered 
by Caudle, et al,14 suggests a sand of appreciable 
intermediate wettability. However, the S,,; values 
reported for this sand was only 1.8 per cent Vy, 
an unseemly low value for the other properties. 
Some oil-water relative permeability data for high- 
permeability cores, which were badly contaminated 
with oil-base mud filtrate, fall midway between the 
oil-wet and water-wet limiting curves. 


OIL RECOVERY IN THE PRESENCE OF 
FREE-GAS SATURATION 


If one extends the model behavior to a three- 
phase system under the conditions that water is 
the dominant wetting phase with respect to oil and 
oil with respect to gas, then the fluid distributions 
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resulting from water imbibition will again depend on 
relative pore sizes. The residual saturations can 
be predicted by reasoning similar to that developed 
in the Appendix for two-phase imbibition. 

The maximum water saturation will be 


where S,; is the initial oil saturation. 
The residual gas saturation fills the remainder 


of the space or 


The fractional oil recovery in terms of the initial 
gas saturation Sp; is 


N 


I-S wi 
gr 


Based on such a model, the group S,;/(1-S,,;) 
governs the recovery of oil by water imbibition into 
water-wet sands containing a free-gas saturation. 
On Fig. 7(a) the fractional oil recovered is plotted 
vs the parameter S,;/(1-S,;). Some control of oil 
recovery by this functional group is indicated by 
the Holmgren 11 and Morse data which is compared 
to the curve predicted by Eq. 12. Data from the 


Kyte12 paper show no such correlation on this type 
of plot. 


RESIDUAL GAS SATURATION 
When the model predictions of final saturations 
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are checked against observed residual gas satura- 
tions, the agreement is good only if long times 
for imbibition are prohibited. 

The gas residual after a prolonged time for imbib- 
ition will be considerably lower than that predicted. 
The present interpretation of this apparent discrep- 
ancy is that, if imbibition tests on plugs were con- 
ducted at high pressures (where diffusional effects 
are relatively small), the residual gas saturation 
would have been considerably higher. The paper by 
Gardner, Messmer and Woodside! reported the 
possibility that significant quantities of trapped 
gas may escape by diffusion at low pressures. 
Before a final decision can be reached regarding 
the true meaning of an experimental or computed 
residual gas saturation, this uncertainty must be 
resolved. 

Fig. 7(b) shows residual gas saturations computed 
by Eq. 11 compared with observed values from flood 
tests in the presence of free gas.11,12 Data from 
the Kyte paper 12 are plotted only for tests in which 
mobile gas was initially present. The data from the 
Holmgren paper!! reflect the presence of trapped 
gas, i.e., gas which was already immobilized when 
the water flood started. 


CONCLUSIONS 


A mathematical image(model) has been proposed 
to describe the behavior of a porous medium when 
imbibing a wetting liquid. This model is based on 
the concept that the non-wetting phase is gradually 
blocked during imbibition. 

A theoretical relationship between behavior ex- 
hibited during drainage and imbibition has been 
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obtained from the model. This relationship has 
been applied to show that the relative permeability 
characteristics during imbibition can be determined 
directly from those observed during drainage, or 
from the drainage capillary-pressure curve. 

Application of this model in conjunction with its 
predecessors for the drainage process suggests 
the following. 

1. The degree of oil or water wetness has less 
influence on the flow behavior in sand as its per- 
meability increases, (S,,; decreases). 

2. In lieu of measured oil-water relative permea- 
bility curves, the limiting oil relative permeability 
curve can be determined from a measured or esti- 
mated S,,; value. The preferred situation would be to 
have a measured k,, curve from which to define the 
kot limits: 

3. A practical limit on the oil recoverable by water 
flood in consolidated rock will be one-half that 
originally present. 

4, The gas volume trapped by water invasion of 
a gas-oil complex may be estimated. 


NOMENCLATURE 


I = resistivity index 

k = permeability 

N = total pore volume 

Np = pore volume produced 

= capillary pressure 

fluid resistivity 

wetting-phase saturation 
irreducible wetting-phase saturation 
nw = hon-wetting phase saturation 


Ps =reduced wetting-phase saturation, equal 
Sw Swi 


1 Sy; 
= teduced non-wetting phase saturation equal 
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to 


Saw 
1 
i = factor indicating the overlap of pores 
ke = relative permeability to the wetting phase 
knw  =telative permeability to the non-wetting 
phase 
= pore radius 
surface tension 
porosity 
=reduced porosity, equal to (1 —- S,,;)¢ 


to 


| 


* 


ig =a function of the wetting-phase saturation 

SUBSCRIPTS 

dr = drainage 

imb = imbibition 
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APPENDIX 
THE COMPUTATION OF FLOW CHARACTERISTICS 
PERMEABILITY 


The method presented here for the computation 
of permeability closely parallels Marshall’s4 treat- 
ment of the problem for the drainage process. It 
provides a foundation for the application of the 
model to the imbibition process. 

When the Faces A and B of the capillaric model 
described in the body of the paper are rejoined at 
random, a series of necks of different shapes and 
sizes are created which will govern the flow through 
the medium. The flow through a mean area of these 
necks can be considered as the flow through a 
circular pipe with an equivalent cross section. 
In computing the mean area, the following assump- 
tions are made. 

1. When the fit of one pore to the next is perfect 
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(the perimeters do not cross), the cross-sectional 


area of a neck is taken to be that of the smaller 
pore. 


2. The necks are of circular section. 

3. The effective flow path is not increased by 
imperfect alignment of the necks. 

The widening of the flow path within pores is 
neglected and the resulting error is considered to 
be compensated by those introduced by assumptions 
2 and 3. To determine the equivalent area of flow, 
consider the pores as composed of n classes of 
equal total pore area, each class having pores of 
one size only with radii ry > rg > 73>... 
If ¢*a is the total area available to flow, the area 
of each class is ¢*a/n. When the Faces A and B 
are rejoined at random, the area occupied by each 
class of pores on Face A will be in contact with 
equal areas of all classes of pores on Face B. 

Let / be a factor expressing the partial abutment 
of a pore class against the solid matrix. Thus, 
when two pores with radii r; and r; abut against 
each other (r; > 7), the area of the neck open to 
flow will be f7r4. The total area of flow through 
necks with area frr2,; is composed of: 

1.7 areas f(p*a/nZ) of A with pore radii bigger 
than or equal to r; abutting against pores of B with 

2. (7 1) areas f(f*a/n2) of B with pore radii 
bigger than 7; abutting against pores of A with radii 

The total area of flow af is then equal to 


* 


For the whole medium, the area of flow is obtained 
by summing Eq. 8 fom j=1toj =n. It can be 
shown that, when a fluid with viscosity p flows 
under a pressure gradient P through x, capillaries 
with radius rj, x2 capillaries, with radii rm, x, 
capillaries with radius r,, such that x, x9 72) 
=...=x, 172, the flow per unit area is proportional 
to the arithmetic average of the component areas. 
Then one can write for the flow per average unit 
neck area, 


ien 
Q f 

The pra is then given by 

i=n 2 
K = (2i-1) 


RELATIVE PERMEABILITY (DRAINAGE) 


This formula can be applied to compute the re- 
lative permeability to one phase by considering the 
pores filled with the other phase as part of the 
solid matrix. When the pores ry to ry_1 are filled 
with non-wetting fluid, k,y,,,is given f 
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izn 
2i-(2j-1)| 
™ K gin-j+n2. 2 


If f is taken equal to #*S,*, in Eq. llor to 
$*S* in Eq. 12, the formulas become 


i= j-! 2 
Kew 
silat 4.8 (nc pais 
l=n ime 


RELATIONSHIP BETWEEN DRAINAGE AND 
IMBIBITION SATURATIONS 


Consider the medium at irreducible saturation 
and let the capillary pressure be decreased to 


At this pressure, all the pores with radius r, of 
Part 2 abut against pores of Part 1 with radii bigger 
than or equal to 7, and the saturation of Part 2 is 
the same as that of Part 1. 
where AS,, is equal to (1 — S,,;) /n é 
At the same time, the saturation of Part 1 will 


be 


Swit = Swidr = Swi t ASy (17) 


The next step is to decrease Pog to Pe 

The area of the class with radius r,., of Part 
2 which will abut against pores of Part 1 with 
radii bigger than or equal to is[(n—1) /n] ASw 
These pores will be filled with wetting fluid, while 
the pores with area (1/n)AS,, which abut against 
pores with radii r, will be by-passed. Then, for 
Part 2, 


+ ASy+ 


and for Part 1, 


This process can be continued until pores with 
radius 7; are filled. The saturation of Part 2 will be 


i=n-j 
Sw, imb = Swi + 


and the saturation of Part 1, 
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Sw,dr 


When the number n of classes of pores goes to 
infinity, Eq. 20 takes an integral form. Writing j = 


an, = = x and 3 = dx gives, after integration, 
1-Swi 2 


The saturation of Part 1 is computed in the same 
way and is found to be 


Elimination of @ and introduction of 


: wi 
gives 


RELATIVE PERMEABILITY (IMBIBITION) 


The mechanics of imbibition will be examined 
hereafter to derive formulas analogous to drainage 
Eqs. 13 and 14 for the imbibition process. 

The permeability to one phase was computed by 
assuming that the pores full of the other phase 
are part of the solid matrix. During the imbibition 
cycle, a certain number of pores of Part 2, full of 
non-wetting fluid, are by-passed and abut against 
pores of Part 1 which are full of wetting fluid. The 
by-passed pores do not contribute to the flow of the 
non-wetting phase, and for the computation of non- 
wetting relative permeability Part 2 can then be 
assumed to have the same saturation as Part l. 
This means that the medium is assumed to be at the 
saturation of Part 1 or, in other words, that it arrived 
at its present state through a drainage cycle. How- 
ever, its permeability to the non-wetting phase 
corresponds to the true saturation of Part 2. These 
remarks are valid whether the drainage relative 
permeability to the non-wetting phase is computed 
or measured and provide a way of relating imbib- 
ition properties to drainage ones. If the permeability 
is computed, its value is given by Eq. 13. 


The permeability to the wetting phase is estimated 
as follows. If Part 2 of the slice had the same 
saturation as Part 1, ky, would be given by: 


izn 


and k,,,, by 
ay 
| 
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As a certain number of pores of Part 2 are blocked 
and do not participate in the flow, the expression 
for ky, changes. The number of areas is reduced to 
2)], and their flow characteristics are distributed 
as follows: 

One area has necks with cross-sectional area 


Two areas have necks with cross-sectional areas 
fur and 


n —j +1 areas have necks with cross-sectional 
areas far 2. 
The value of k,,, is then 


f @ Sw, imb 


85 (n I) (n-j+2) 


The value of f which was taken equal to #*S%, in 
the drainage process must be re-evaluated. Indeed, 
since the wetting-phase saturation of Part 1 is 
greater than that of Part 2, the probability of having 
a common area of overlap for pores full of wetting 
liquid is greater than if Part 1 had the same satura- 
tion as Part 2. Therefore, f must be written 


where F* is a function of S%, ;_, such that 


and kyy, imb iS given by 


3_x*2 


| 
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For n going to infinity, k,, takes the following 
integral form 


Sw, imb Ges) 
w,imb 


* 
’ w,imb * 
dS _..(30) 
Cc 


Krw, imdb: = 


The relationship between ky, jmp and Ryy, dy follows 
from the observation that the permeability to the 
wetting phase, on drainage, is given by 


Krw,dr Sw, dr 
* 
Sw, dr s* * 
Po 
and that for Si, jmb = S 
* 
F 
Kew, imb Kew, dr G. ) 
w, imb 


From the definition of F*, the factor Fess jabs 
greater than or equal to one and 

kw,dr 1s then lower limit of kw, imb 

The value of F* cannot be deduced from theo- 
retical arguments only, and experiments are re- 


quired to determine the error made by writing k,, 
=k 


imb 
w,dr 
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Microbial Flora in a Number of Oilfield 
Water-Injection Systems 
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ABSTRACT 

This report concerns the microbial flora found 
throughout the surface facilities of six water-injec- 
tion systems in Texas and Oklahoma. Each system 
is described in detail and water quality data are 
presented when available. 

Pseudomonads and sulfate-reducers (Desulfovibrio) 
were the predominate organisms found in the systems. 
The genera Sphaerotilus, Bacillus, Achromobacter, 
Micrococcus, Clostridium, Flavobacterium, and 
Sarcina were also isolated in significant numbers. 
Molds, iron bacteria, sulfur bacteria and soil bacteria 
were found less frequently in the systems. 

It is concluded that a complex microbiological 
flora exists in oilfield water-injection systems. A 
tendency for waters to deteriorate in passage through 
solid bed filters is also noted. 


INTRODUCTION 

The injection of water into a subsurface formation 
is often accompanied by numerous problems, the 
origin and nature of which are only partially under- 
stood, During the past few years, investigators have 
indicated that bacteria are involved in some of these 
problems even though very little specific information 
is available concerning this matter. 

It is surprising that investigators working on 
microbiological problems in water injection have 
never made a complete study of the flora of these 
systems. The logical course to pursue is that of 
identifying the microbial flora and then examining 
each organism individually and in combination with 
others to determine if they produce a particular 
problem. 

The objective of the present investigation is to 
identify the microbial flora in water-injection systems. 
In addition, the quality of the water in most of the 
systems was determined and some observations made 


Original manuscript received in Society of Petroleum Engineers 
office Aug. 25, 1960. Revised manuscript received Jan. 9, 1961. 
Paper presented at 35th Annual Fall Meeting of SPE, Oct. 2-5, 
1960, in Denver. 

* Now attending the U. of Texas Medical School in Galveston. 

**Now associated with Magna Chemicals, Kilgore, Tex. 


JUNE, 1961 


U. OF HOUSTON 


GULF OIL CORP. 
HOUSTON, TEX. 


on the extent to which passage through surface- 
handling facilities affects water quality. 

The information derived from this study can serve 
as a foundation for additional basic investigations. 


EXPERIMENTAL PROCEDURE 

The microbial flora of six water-injection systems 
were studied at 50 sampling points. These systems 
are experiencing problems which may be attributable 
to micro-organisms, and two were being treated with 
antimicrobial agents at the time of this study. 

The samples were obtained by inoculating 1.0 ml 
of the water onto the different media at the sampling 
point. The media used for primary isolation included 
nutrient agar, Strokes agar, M-10-E medium and semi- 
solid thioglycollate medium. 

The cultures were returned to the laboratory, 
incubated at 30°C until growth occured; then, pure 
cultures were obtained from individual colonies. 
The pure cultures were identified according to 
standard bacteriological procedures. Those organisms 
not fitting identification criteria exactly, even though 
exhibiting close similarities to known species, are 
listed as unidentified organisms. 

Membrane filters were used to make water-quality 
tests at intervals before and after collection of the 
microbiological samples, The filter discs were 47 
mm in diameter with a 0.45-micron particle-size re- 
tention, and the tests were done under closed con- 
ditions at 20 psi. Membrane flow rates are plotted 
as increasing filtrate volumes, and the total solids 
contents are given when available. 

An effort was made to saniple at each place in a 
system where a change in environment occurred. 
In this manner, the effect of passage through filters, 
tanks, hay sections, etc., on the microbial flora and 
water quality could be observed. 


RESULTS 
SYSTEM A 
This waterflood system (Fig. 1) is about four years 
old and daily pumps approximately 110,000 bbl of 
oil-free sour water from a 3,700-ft deep reef. The 


water passes through two sets of flue gas scrubbers 
which lower the hydrogen-sulfide content from 250 
to 20 to 30 ppm. Chlorine is added to remove the 
residual hydrogen sulfide, and this treatment results 
in the formation of some colloidal sulfur which 
cannot be removed efficiently by the anthrafilt 
filter. The supply water is treated with an organic 
corrosion inhibitor. There is no perceptible change 
in quality after passage through a maximum of 11 
miles of distribution lines. 

Chemical analysis of the supply water gave the 
following information; pH, 6.85; sodium, 776 ppm; 
calcium, 870 ppm; magnesium, 212 ppm; bicarbonate, 
403 ppm; chloride, 2128 ppm; sulfate, 1350 ppm; and 
hydrogen sulfide, 250 ppm. 

The system also handles several thousand barrels 
of produced brine per day in two recycling stations. 
The ratio of recycled brine to supply water is cur- 
rently less than 1:7. The brine is sometimes pro- 
duced sour, expecially in the older parts of the 
flood, but it is generally considered to be sulfide- 
free in the native state. The injection wells yield 
appreciable amounts of iron sulfide when they are 
backwashed. 

Table 1 shows that the microbial flora in this 
system is quite extensive. In general, the same 
organisms were found in the oil-contaminated brine 
recycle systems as in the oil-free supply water, 
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however, there was less variety in the latter system, 
Pseudomonads and sulfate-reducers were prevalent 
in the recycling systems and at the injection wells. 

The membrane data obtained from the supply water 
portion of the system may be found in Fig. 2. The 
water is of good quality through the first scrubber; 
however, it deteriorates during passage through the 
second scrubber. The filtered water has a high 
initial flow rate, which falls off rapidly to a value 
below that of Curve C. Further deterioration is 
evident at the injection well. 

The membrane data (Fig. 3) on the brine recycle 
system shows that the water is of poor quality and 
that coalescing, separation and bed filtration are 
of very little benefit. Undoubtedly, appreciable 
quantities of insoluble materials are removed, but 
the solid filter cake which develops on the membrane 
disc (and probably at the wellbore) is highly resistant 
to the passage of water. The poor quality of water 
in the recycle systems is due primarily to hydro- 
carbons; however, bacteria and scale deposition 
may be responsible for the deterioration noted as 
the water passes through both systems. 

A core taken from an injection well in this system 
was cut to 1 in. diameter X 1 in. long, mounted in 
plastic and placed ina stainless-steel flow cell. 
The cell was connected to the discharge header so 
that water flowed through the core under a pressure 
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FIG. 1 — SYSTEM A. 
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TABLE 1 — MICROBIAL FLORA OF SYSTEM A 
Site 1-Gas Scrubber No. 1 Inlet Site 9—Coalescer Inlet (Station 1) 


Alginomonas spp. 
Pseudomonas putida 
Achromobacter spp. 
Desulfovibrio desulfuricans 


Site 2—Gas Scrubber No.2 Outlet 


Beggiatoa spp. 

Bacillus mascerans 
Pseudomonas oleovorans 
Desulfovibrio desulfuricans 


Site 3—Filter Outlet 
Vitreoscilla spp. 
Leptothrix spp. 
Pseudomonas boreopolis 


Site 4—Discharge Header 
(Core Outlet) 
Sarcina auriantica 
Proteus spp. 
Achromobacter spp. 


Site 5—Injection Well 


Escherichia freundii 
Pseudomonas spp. 
Desulfovibrio desulfuricans 


Site 6—Injection Well 


Nocardia spp. 
Thiobacillus spp. 
Pseudomonas fluorescens 
Sphaerotilus natans 


Site 7—Injection Well 


Cellulomonas aurogena 
Thiobacillus spp. 
Desulfovibrio desulfuricans 


Site 8—Injection Well 


Pseudomonas striata 
Bacillus mascerans 
Pseudomonas boreopolis 
Desulfovibrio desulfuricans 


Thiobacillus spp. 
Thiobacillus spp. 
Alginomonas nonfermentans 
Mycoplana dimorpha 
Desulfovibrio desulfuricans 


Site 10—Coalescer Outlet 


Micrococcus flavus 
Achromobacter liquefaciens 
Desulfovibrio desulfuricans 


Site 11—Filter Inlet 


Sarcina lutea 
Micrococcus varians 
Desulfovibrio desulfuricans 


Site 12—Holding Tank Outlet 


Mycoplana dimorpha 
Bacillus cereus 
Pseudomonas ovalis 
Sphaerotilus natans 
Desulfovibrio desulfuricans 


Site 13—Coalescer Inlet (Station2) 


Corynebacterium spp. 
Nocardia opaca 

Proteus rettgeri 

Sarcina auriantica 

Bacillus cereus 
Desulfovibrio desulfuricans 


Site 14-—Coalescer Outlet 


Micrococcus conglomeratus 


Pseudomonas ovalis 
Pseudomonas arvilla 
Desulfovibrio desulfuricans 


Site 15—Skimmer Outlet 


Bacillus cereus 


Thiobacillus nevellus 
Vitreoscilla spp. 


Leptothrix spp. 
Desulfovibrio desulfuricans 


Site 16—Holding Tank Outlet 


Aerobacter aerogenes 
Escherichia coli 
Thiobacillus spp. 
Pseudomonas aeruginosa 
Pseudomonas fluorescens 
Pseudomonas putida 
Desulfovibrio desulfuricans 


of 700 psi. Based on the Darcy equation, the core 
showed an initial permeability of 96 md, 40 md 
after eight hours, and 37 md after 16 hours, indicat- 
ing that the permeability declined slowly following 
an initial rapid decline. This permeability stability 
at a fairly high figure correlates with the general 
lack of injection problems in portions of this system. 
Injection problems will probably increase as the 
production of brine increases unless more efficient 
oil removal is accomplished. 


SYSTEM B 


This waterflood system (Fig. 4) is two years old 
and daily pumps approximately 90,000 bbl of water 


(temperature, 58° 


to 60° 


F) from alluvial beds 


adjacent to the Arkansas River. The water is pumped 
through a coated line to three injection stations, and 
at two of these stations it is mixed with produced 
brine. There is bare steel in the section containing 
produced brine, and black water has been observed 
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FIG. 3 — SYSTEM A — BRINE RECYCLE STATION 2. 
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in this section and in the injection wells. The 
system was under treatment with a quaternary amine 
bactericide at the time the microbiological study 
was made. Chemical analysis of the water gave the 
results shown in Table 2. 


Table 3 shows that pseudomonads were the pre- 
dominant organisms in the system. The bactericide 
was doing an excellent job of reducing the variety 
of flora coming from the supply wells since only 
one organism was isolated from the treated water. 

The sulfate-reducers were found primarily in the 
brine portion of the system, but they may be working 
upstream since they were isolated at Site 3. The 
supply wells contain bare steel, and it is possible 
that they may start producing black water in the 
future when the sulfate-reducers reach this point. 

Appreciable quantities of iron oxide have built 
up in the pump bowls and transfer lines in the 
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fresh-water portion of this system. These deposits 
were believed by some to be caused primarily by 
iron bacteria (Gallionella), while others thought 
they were due to the presence of oxygen in the 
system. Gallionella disc counts have been as high 
as 20,000/ml at various points in the system. Oxygen 
levels periodically ran in excess of 1 ppm, and 
considerable effort has been made to reduce air 
entry in the supply wells. 

A study was made to compare Gallionella counts, 
dissolved-oxygen content and suspended iron during 
six-months treatment with an organic sulfur biocide 
and three months without treatment. The oxygen 
level was reduced to less than 0.05 ppm, and the 
total iron available for oxidation was 3 to 4 ppm. 
The results showed that there was no significant 
increase in suspended iron coincident with an 
increase in Gallionella to a point too numerous to 
count. 

Fig. 5 exhibits the membrane data accumulated 
during the biocide treatment at sampling points at 
both ends of the system. The sample taken in January 
was just prior to initiating treatment. Water quality 
improved markedly through June and has continued 
to improve since discontinuing biocide treatment. 

Fig. 5 also gives an analysis of the solids 
retained on the filter disc. The acid-soluble portion 
is represented as Fe (hydroxide and/or sulfide) and 
Ca (carbonate and/or sulfate). That portion insoluble 
in acid but ignitable is reported as ‘‘organic’’. 

The brine is passed through a graphilter filter 
prior to mixing with fresh water, since it is consid- 
erably poorer in quality than the fresh water. This 
practice resvits in a water of fair quality being 


TABLE 2—CHEMICAL ANALYSIS OF WATER FOR SYSTEM B 


Brine 
Fresh Water (Average Val.) 

pH 7.20 6.60 
Sodium 238 ppm 23,257 ppm 
Calcium 118 ppm 3,565 ppm 
Magnesium 25 ppm 902 ppm 
Bicarbonate 171 ppm 363 ppm 
Chloride 518 ppm 44,591 ppm 
Sulfate 43 ppm 32 ppm 
14 


TABLE 3—MICROBIAL FLORA OF SYSTEM B 
Site 1 — Treated Supply Well 


Aerobacter aerogenes 


Site 2 — Untreated Supply Well 


Sphaerotilus natans 
Pseudomonas putida 
Pseudomonas fluorescens 
Pseudomonas boreopolis 
Aerobacter aerogenes 


Site 3 — Composite Supply Water 


Desulfovibrio desulfuricans 


Site 4 — Inlet to Fresh-Water Storage Tank, Station 1] 


Desulfovibrio desulfuricans 
Cytophaga rubra 
Flavobacterium ferrugineum 
Pseudomonas fluorescens 
Pseudomonas putida 


Site 5 — Inlet to Fresh-Water Storage Tank, Station 2 


Sphaerotilus natans 
Pseudomonas aeruginosa 
Pseudomonas boreopolis 


Site 6 — Injection Pump Inlet, Station 3 


Alginomonas nonfermentans 


Site 7 — Produced Brine, Above Filter, Station 2 


Desulfovibrio desulfuricans 
Sphaerotilus natans 
Pseudomonas fluorescens 


furnished to the injection wells. Fig. 6 shows that 
the filter is doing a good job of total solids removal, 
but membrane plugging persists. This suggests that 
only the large particles are removed. 


SYSTEM C 

This pressure-maintenance system (Fig.7) is 
about four years old and daily injects 250 to 1,000 
bbl of brine produced from wells about 7,300-ft 


MEMBRANE SOLIDS-PPM 


SOURCE COMPOSITE STATION 3 


TOTAL SOLIDS 1.10 1.95 

FE 0.65 125 

CA 0.45 0.60 

ORGANIC ° 0.10 
ine 
——River Tap (Supply) 


*--Station 3(Injection) 


FLOW RATE —CC./SEC. 


VOLUME—CC 
FIG. 5 — SYSTEM B — FRESH WATER. 


SOCIETY OF PETROLEUM ENGINEERS JOURNAL 


PRODUCED BRINE 
ABRATOR 
IST ORAGE IS TORAGE] 
® 
STATHON 2 STATION | 
a 
April 
~ 
8 ~ 
~ — <r 
~ 
~ — 
4 Ma ren 
J 


MEMBRANE SOLIDS - PPM 


BEFORE AFTER INJECTION 
FILTER FILTER WELL 
TOTAL SOLIDS 6.5 0.5 1.55 
S FE ee 0.4 0.95 
w 
CA 1.6 0.1 0.6 
ORGANIC 3.7 (0) 
ne A- BRINE, BEFORE FILTERING 
= B-—BRINE, AFTER FILTERING__| 
5 C— INJ. WELL COMPOSITE 
1 
O 2000 


VOLUME — CC. 


FIG. 6 — SYSTEM B — PRODUCED BRINE. 


deep. The temperature of the brine varies from 75° 
to 100°F, and it contains a considerable amount of 
entrained oil in the form of an inverse emulsion. 
The injection well has plugged severely and does 
not respond satisfactorily to acidification. A blend 
of corrosion inhibitor, scale preventive and surfactant 
is added to the water. Chemical analysis of the 
composite water gave the following information: pH, 
6.2; sodium, 20,423 ppm; calcium, 1,120 ppm; 
magnesium, 249 ppm; bicarbonate, 268 ppm; chloride, 
34,042 ppm; and sulfate, 24 ppm. 
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Table 4 shows that this system is extensively con- 
taminated with bacteria and that most of the organisms 
were encountered around the skimmer tank and injec- 
tion well. This system, like the others, contains 
pseudomonads and sulfate-reducers but, unlike the 
other systems, also contains a number of molds. 

The membrane data (Fig. 8) show that the ultimate 
plugging time of the water was not materially improved 
by passage through the conditioner and that an appreci- 
able quantity of nonferrous acid-soluble material 
(mostly calcium carbonate) is present. The organic 
matter does not include oil, which was found to be 
20-ppm above and 10-ppm below the conditioner. 

A core flow test was made at sample Point 6(Fig. 
7) with a l-in. plug of Berea sandstone at 100 psi. 
The initial permeability was 64 md, which was reduced 
to 4.2 md after one hour, and 1.9 md after five hours. 
The permeability of the core was increased to 8 md 
after treatment with acid and organic solvents with 
and without surfactants. 

The data suggest that bacteria and suspended solids 


are responsible for the plugging problems encountered 
in this field. 


SYSTEM D 


This waterflood system (Fig. 9) has been in oper- 
ation for about eight years and daily injects approx- 
imately 3,500 bbl of produced brine and 6,500 bbl of 
fresh water. The temperature of the produced brine 
varies from 75° to 100°F, and the fresh water from 50° 
to 60°F. An aldehyde bactericide is added to the water 
because the system has developed several problems 
such as plugged wells, black water and corroded 
meters. Table 5 shows the cheinical analysis of the 
waters. 


Table 6 shows that the system is contaminated with 
Sphaerotilus and sulfate-reducers, which may account 
for the black water. Only one organism was isolated 
from the fresh water, and the variety of flora is not 
great throughout the system. 

Membrane data (Fig. 10) show that mixing good- 
quality fresh wate- withthe brine produces a composite 
water with rapid-plugging tendencies. The standard 
graphilter-pack filter (minimum particle size 1/16 in.) 
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TABLE 4 — MICROBIAL FLORA OF SYSTEM C 
Site 1—Clear Water 4-Ft Off Bottom of Gunbarrel 


Pseudomonas aeruginosa 
Bacillus megaterium 
Corynebacterium poinsettiae 
Unidentified organism 


Site 2—Sediment 2 to 3 In. Off Bottom of Gunbarrel 


Micrococcus agilis 
Sphaerotilus natans 
Pseudomonas putida 
Pseudomonas oleovorans 
Bacillus sphaericus 
Desulfovibrio desulfuricans 
Two unidentified organisms 


Site 3—Centrifugal-Pump Discharge Between Skimmer Tank and 
Conditioner 


Achromobacter stenohalis 
Pseudomonas oleovorans 
Pseudomonas putida 
Pseudomonas fluorescens 
Mycobacterium marinum 
Micrococcus halodenitrificans 
Penicillium notatum 
Penicillium spp. 

Mucor spp. 

Asperfillis spp. 

Monilia spp. 

Rhizopus spp. 

Desulfovibrio desulfuricans 
Three unidentified organisms 


Site 4—Line From Bottom of Filter 
Bacillus cereus 
Desulfovibrio desulfuricans 
Two unidentified organisms 


Site 5—Discharge Line From Bottom of Horizontal Holding Tank 


Bacillus cereus 

Bacillus cereus, var. mycoides 
Desulfovibrio desulfuricans 
Two unidentified organisms 


Site 6—Line Between Horizontal Holding Tank and Injection Well 


Micrococcus varians 
Micrococcus flavus 

Sarcina flava 

Sarcina lutea 

Pseudomonas fluorescens 
Pseudomonas putida 
Pseudomonas oleovorans 
Alcaligenes metalcaligenes 
Cytophaga rubra 
Desulfovibrio desulfuricans 
Two unidentified organisms 


produces an unusually good water which undergoes 
extreme deterioration by the time it reaches the injec- 
tion well. The problems encountered in this system 
may be of microbiological origin since entrained oil 
does not appear to be the major source of trouble. 


SYSTEM E 


This pressure-maintenance system (Fig. 11) has 
been in operation for about five years and daily in- 
jects between 30,000 to 60,000 bbl of sour water 
obtained from the same reef as in System A. A semi- 
polar organic corrosion inhibitor is added (25 ppm) 
continuously at the supply wells, and the water is 
then pumped through an 18-in. bare-steel line to the 
injection plant where it is filtered through 12 parallel 
anthrafilt filters (0.6 to 0.8 mm). Chemical analysis 
of the water gave the same results as in System A. 
It was also noted that the sulfate and sulfide content 
of the water remains unchanged throughout the system. 
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FIG. 8 — SYSTEM C — PRODUCED BRINE. 
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FIG. 9 — SYSTEM D. 


Table 7 shows that Desulfovibrio, Sphaerotilus and 
Flavobacterium species were prevalent throughout 
the system. Bacteriological analysis four months 
prior to this study also indicated that the system was 
extensively contaminated with sulfate-reducers. 

Membrane filter analysis shows that the filters 
(Fig. 12) are effectively removing solids which con- 
sist predominantly of iron sulfide. The water un- 
doubtedly deteriorates before it reaches the injection 


TABLE 5—CHEMICAL ANALYSIS OF SYSTEM D WATERS 


Composite 


Fresh Water Brine 

pH 7.4 6.8 

Sodium 191 ppm 15,876 ppm 
Calcium 39 ppm 2,555 ppm 
Magnesium 19 ppm 604 ppm 
Bicarbonate 232 ppm 220 ppm 
Chloride 11 ppm 30,645 ppm 
Sulfate 11 ppm 10 ppm 
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FIG. 10 — SYSTEM D, 


wells, but no injection problems have been encoun- 
tered in the porous dolomitic reservoir. 


SYSTEM F 


This salt-water-disposal system (Fig. 13) has 
been in operation for 10 years and daily injects 
approximately 3,000 bbl of produced brine obtained 
from wells that are about 7,000 ft deep. Several 
years ago it was suspected that entrained oil was 
plugging the injection well. Temporary benefit was 
obtained by acidizing the well, and treatment with a 
nonionic surfactant was helpful for several months 
but eventually ceased to be effective. A kerosene 
wash was installed at that time, which increased 
intervals between backwashing and/or acidizing 
considerably. The well is having no injectivity 
injectivity difficulties at the current rate of water 
input, and for this reason the system is not under 
chemical treatment. Chemical analysis of the water 
gave the following results: pH, 7.1; Calcium, 1,935 
ppm; Magnesium, 165 ppm; Barium, 108 ppm; Stron- 
tium, 91 ppm; Bicarbonate, 188 ppm; Chloride, 
55,000 ppm; and Sulfate, 3 ppm. 

The system is not experiencing any trouble that 
can be attributed to bacteria even though Table 8 
shows that it is heavily contaminated with micro- 
organisms. Desulfovibrio species were found in 
every sample taken from the system, but black water 


(0) 


TABLE 6 — MICROBIAL FLORA OF SYSTEM D 


Site 1—-Producing Well Untreated Site 6—Composite Water Below 
Micrococcus lutea Filter 
Bacillus megaterium Desulfovibrio desulfuricans 
Arthrobacter ureafaciens Sphaerotilus natans 
Arthrobacter citreus Arthrobacter spp. 
Bacillus cereus 


Site 7—Composite Water at Clear 
Site 2—Producing Well, Treated Tank 
Sphaerotilus natans 
Sarcina ureae 
Micrococcus flavus 
Unidentified yeast 


Desulfovibrio desulfuricans 
Sphaerotilus natans 
Proteus vulgaris 

Proteus rettgeri 


Site 3—Tank Battery No.1] Site 8—Composite Water, Meter 
Desulfovibrio desulfuricans Block 
Sphaerotilus natans Desulfovibrio desulfuricans 
Unidentified yeast Alginomonas nonfermentans 
Achromobacter liquefaciens 


Site 4—Fresh-Water Supply Well 
Achromobacter xerosis 


Site 9—Backflow at Injection Well 


Desulfovibrio desulfuricans 
Achromobacter liquefaciens 
Clostridium histolyticum 


Site 5—Composite Water Before 
Filter 
Desulfovibrio desulfuricans 
Sphaerotilus natans 


has never been a problem. The very low sulfate 
(SO,4) content of the brine may account for this 
observation. 

Curve A of Fig. 14 shows that one of the lease 
gunbarrels produces a fair-quality brine. The com- 
posite brine is less filterable, but it is improved by 
the kerosene-wash treatment. Passage through the 
open pit and sand filter results in a very poor-quality 
water going to the injection well. 


DISCUSSION 


Table 9 shows that Desulfovibrio, Pseudomonas, 
Sphaerotilus and Bacillus were the most predominant 
genera found in the systems. These organisms have 
been found previously in injection systems, and they 
have been implicated in hydrogen-sulfide production, 
metal corrosion, slime formation, hydrocarbon oxida- 
tion and plugging problems,'!~4 

It is interesting to note that pseudomonads and 
sulfate-reducers (Desulfovibrio) were isolated from 
all systems. These organisms are often found to- 
gether where microbiological problems are encoun- 
tered in the petroleum industry. They have been 
repeatedly observed in waterflood systems, in the 
soil surrounding pipelines and in deteriorated petro- 
leum products.°~? 

Several investigators have suggested that there is 
an interrelationship between pseudomonads and 


lReferences given at end of paper, 
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FIG. 12 — SYSTEM E— SUPPLY WATER. 


sulfate-reducers ®»9, The pseudomonads may oxidize 
the hydrocarbons and feed the sulfate-reducers, and 
the latter organisms may protect the pseudomonads 
from antimicrobial agents. 

There is no relationship between the age of the 
system and the type of flora encountered. The pre- 
dominant flora of the newer systems is not significi- 
cantly different from that of the older systems, and 
the number of different species isolated per sample 
cannot be related to age of the system. 

No specific differences in the microbial flora of 
treated and untreated systems could be detected 
Fewer species (per sample) were isolated from the 
systems under treatment with antimicrobial agents, 


TABLE 7 — MICROBIAL FLORA OF SYSTEM E 
Site 1— Supply Wellhead (Treated Water) 


Desulfovibrio desulfuricans 
Sphaerotilus natans 
Flavobacterium rhenanum 
Unidentified organism 


Site 2— Supply Wellhead (Untreated Water) 


Desulfovibrio desulfuricans 
Sphaerotilus natans 

Achromobacter liquefaciens 
Two unidentified organisms 


Site 3— Composite Water, 18-In. Line Near Scraper Inlet 


Desulfovibrio desulfuricans 
Flavobacterium lutescens 
Micrococcus rubens 
Scopulariopsis brevicaulis 


Site 4— Composite Water Before Entering Filter Pump Station 


Desulfovibrio desulfuricans 
Sphaerotilus natans 
Flavobacterium arborescens 
Unidentified organism 


Site 5— Composite Water Below Filter Station 


Desulfovibrio desulfuricans 
Flavobacterium arborescens 
Pseudomonas aeruginosa 
Bacillus coagulans 


Site 6— Composite Water, Southeast Section of Field Near Injection 
Well 
Desulfovibrio desulfuricans 
Sphaerotilus natans 
Unidentified organism 


and one system receiving a corrosion inhibitor 
contains the greatest variety of flora. 

The nature of the injection water may influence 
the variety of organisms isolated from the systems. 
The greatest number of different species (per sample) 
were found in two systems handling produced brine 
containing appreciable quantities of entrained oil. 

The membrane and solids data are of limited value 
if they cannot be related to the ability of the forma- 
tion in question to take water. A water is of poor 
quality if it plugs a 0.45-micron disc to a rate of 
less than 2 ml/sec; at 1,000-ml throughput at 20 psi, 
however, it may not produce plugging problems. This 


depends on the permeability and porosity of the for- 
k mation and the surface pressure. More work of the 
GUNBARREL type reported on cores in Systems A and C is needed. 
OPEN 
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FIG, 13 — SYSTEM F. 
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With appropriate core flow data, it should be possible 
to predict much more accurately the anticipated 
injectivity into a formation of known capacity. 
The problem of effective surface water handling 
continues to be largely unsolved in the systems 
studied. The membrane filter tests show that bed- 
type filters generally do not improve water quality. 
These filters remove considerable solids and prevent 
occasional slugs of oil from entering the formation, 
but they do not remove fine solids. In addition, the 


TABLE 8 — MICROBIAL FLORA OF SYSTEM F 


Site 1—Gunbarrel Produced 
Water, Bottom Level 


Site 4—Kerosene-Wash Outlet 


Clostridium tertium 
Pseudomonas fluorescens 
Desulfovibrio desulfuricans 


Pseudomonas putida 
Bacillus sphaericus 
Micrococcus lutea 
Desulfovibrio desulfuricans Site 5—Open-Pit Outlet 
Pseudomonas fluorescens 
Pseudomonas putida 
Arthrobacter pascens 
Bacillus cereus 
Desulfovibrio desulfuricans 


Site 2—Produced Water At Oil- 
Skimmer Outlet 


Pseudomonas aeruginosa 
Arthrobacter simplex 
Arthrobacter ureafaciens 
Sarcina lutea 
Achromobacter iophagus 
Flavobacterium spp. 
Escherichia coli 
Desulfovibrio desulfuricans 


Site 6—Injection Well Below 
Filter 


Pseudomonas aeruginosa 
Pseudomonas boreopolis 
Bacillus megaterium 
Bacillus cereus 

Bacillus polymyxa 
Escherichia intermedia 
Proteus rettgeri 
Flavobacterium spp. 
Arthrobacter spp. 
Desulfovibrio desulfuricans 


Site 3—Kerosene-Wash Inlet 


Clostridium histolyticum 
Proteus inconstans 
Pseudomonas fluorescens 
Bacillus cereus 
Desulfovibrio desulfuricans 


TABLE 9 — SUMMARY OF THE 
MICROBIAL FLORA OF ALL SYSTEMS 


Per Cent Times Isolated From System 


Desulfovibrio spp. 81 42 83 66 100 100 78.6 
Pseudomonas spp. 56 57 66 11 16 100 51.0 
Sphaerotilus spp. 12 42 16 55 66 0 31.8 
Bacillus spp. 31 O 66 11 16 866 31.6 
Clostridium spp. 33 22.0 
Micrococcus spp. 16 20.3 
Achromobacter spp. 13 16.5 
Arthrobacter spp. 0 0 O 22 0 8 650 12.0 
Sarcina spp. 1’ O 16 11 0 16 10.1 
Proteus spp. 33 9.3 
Escherichia spp. @ @ OR 
Alginomonas spp. 125-1410 0 0 6.1 
Aerobacter spp. 20 OO. 0 0 5.6 
Yeast 0 0 5.5 
Thiobacillus spp. O 0 0 351 
Cytophaga spp. OR 14516. 0 0 5.0 
Scopulariopsis spp. OR Om 1G 0 2.6 
Penicillium spp. 0 0 4 O 0 0 2.6 
Alcaligenes spp. yh UGS 0 0 2.6 
Aspergillis spp. 0 0 2.6 
Corynebacterium spp. 16 0 0 3.6 
Monilia spp. 0 0 46 O 0 0 2.6 
Mucor spp. 0 0 2.6 
Mycobacterium spp. On 0 0 2.6 
Rhizopus spp. OF 02-16 150 0 0 2.6 
Leptothrix or © 

Toxothrix spp. 125.0) 0 0 2.0 
Mycoplana spp. 0 0 2.0 
Nocardia spp. @ 0 0 2.0 
Vitreoscilla spp. 12502 0 0 2.0 
Beggiatoa spp. <0 0 0 1.0 
Cellulomonas spp. 6 0 0 0 0 0 1.0 
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filters and other surface vessels are excellent 
environments for microbial growth. Diatomaceous 
earth filters remove solids more efficiently, but they 
usually represent a high initial investment and have 
a much lower flow rate per square foot of filter surface. 
Bare-screen type filters or strainers have applica- 
tion in installations where there are only traces of 
hydrocarbons. 

There is a definite need for improvement in oilfield 
water-filtration equipment, but it may not be forth- 
coming until more definite water-quality standards 
are established by the operators. 


CONCLUSIONS 


1. A wide variety of microbial flora is present in 
the six water-injection systems. Four genera con- 
stitute the major portion of the flora; however, other 
previously unreported organisms are also present. 

2. Only one system appeared to be experiencing 
problems that may be due to micro-organisms. 

3. Membrane data are of comparative interest but 
do not relate directly to well injectivity unless 
accompanied by core flow data on the formation in 
que stion. 

4, Membrane filter tests on the systems show that 
bed filters do not usually improve water quality. 
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Injection Rates—The Effect of Mobility Ratio, Area 
Swept, and Pattern 
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MEMBER AIME 


ABSTRACT 


A method is presented for calculating approximate 
injection rates in secondary recovery operations. 
The method can be applied to cases of unequal fluid 
mobilities, irregular well patterns and boundary 
patterns. 

The steady-state pressure distributions for the 
four flood patterns reported by Muskat and for five 
additional patterns reveal that most of the difference 
in pressure between the injection and producing 
wells occurs in regions around the wells which can 
adequately be described as regions of radial flow. 
This leads to a method of calculating injectivity by 
approximating the flood pattern with radial flow 
elements (or a combination of radial- and linear- flow 
elements for some patterns such as the direct line 
drive). Irregular and boundary patterns can also be 
approximated by radial and linear elements. 

Each of these elements can be described by radial- 
and linear-flow equations and the results combined 
as series flow resistances to give an approximate 
equation for the initial injection rate. The mobility 
ratio does not affect the initial rate; therefore, if 
the well pattern is one of those regular patterns for 
which theoretical rate equations have been derived 
for unity mobility ratio, the approximate initial rate 
equation can be improved by adjusting it to match 
the theoretical equation. The available theoretical 
rate equations are listed, including five new cases. 

As the flood progresses, the injectivity changes 
because in general the flood front will divide the 
pattern into areas of different fluid mobilities. Sim- 
ple shapes can be assumed for the flood front so 
that both areas can be divided into radial- and 
linear-flow elements. 

Radial- and linear-flow equations are applied to 
these elements to account for the change in flow 
resistance behind the front. 

To calculate injection rates after breakthrough, 
it is necessary to know the sweep efficiency at 
breakthrough. Areal sweep data are available in the 


Original manuscript received in Society of Petroleum Engi- 
neers office March 11, 1960, Revised manuscript received Dec. 
22, 1960. Paper presented at SPE Secondary Recovery Sympo- 
sium, May 2-3, 1960, in Wichita Falls, Tex. 


JUNE, 1961 


THE ATLANTIC REFINING CO. 
DALLAS, TEX. 


literature for a number of patterns, and sufficiently 
accurate breakthrough sweep efficiency can be esti- 
mated from these data if it is not otherwise avail- 
able. 

Again, simple shapes for the flood front can be 
assumed after breakthrough, and injection rates can 
be calculated for the remainder of the flood. When 
areal sweep data are available, these data can be 
used to check the calculated injection rates after 
breakthrough. 

Injection rates calculated by this approximate 
method compare favorably with available model data. 


INTRODUCTION 


When the fluid mobilities in the swept and unswept 
regions are equal, the injectivity will not change as 
the flood front advances; and for regular patterns it 
can be calculated by mathematical formulas.} 

When the fluid mobilities in the swept and unswept 
regions are not equal, the injectivity will increase 
or decrease as the flood front advances. In this 
case, the injectivity has not been calculated by 
analytical means for any practical well pattern; and, 
furthermore, scale model> and analog**® results 
have been published only for the five-spot pattern. 

The main object of this paper is to present an 
approximate method for calculating injectivity for 
the case of unequal mobilities. The method can be 
applied to regular, irregular and boundary patterns. 

Before the approximate method is discussed, the 
analytical formulas for equal mobilities will be 
summarized, and the analytical solution for radial 
flow with unequal mobilities will be used to show 
how the injectivity changes as the flood progresses. 


EQUAL MOBILITIES, REGULAR PATTERNS 


In a flooding operation the injectivity, the rate at 
which fluid can be injected per unit difference in 
pressure between injection and producing wells, 
depends on basic physical properties and, in addi- 
tion, on three variables to be treated here—the area 
of the swept region, the fluid mobilities in the swept 
and unswept regions, and the well geometry (pattern, 
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spacing and wellbore radii). 

When the fluid mobilities in the swept and unswept 
regions are the same, the injectivity of a given well 
atray is independent of the first variable, the size 
and shape of the area swept, and is directly pro- 
portional to the single fluid mobility involved. The 
calculation of the injectivity thus reduces to the 
geometrical problem of treating the particular well 
pattern, well spacing and well radii. 

For regular patterns, Muskat! has offered a method 
for finding analytical mathematical solutions and 
has worked out the formulas for special cases — 
the direct line drive, the staggered line drive, the 
five-spot and the seven-spot. Five more cases are 
presented here—the nine-spot with arbitrary corner- 
well to side-well producing ratios, a direct-line- 
drive boundary pattern, two five-spot boundary pat- 
terns and a nine-spot boundary pattern. These nine 
cases are listed in Table 1, which is thus a sum- 
mary of the available results on injectivity of regular 
patterns with unity mobility ratio. The derivations 
of the five new cases are omitted because they 
follow the method of Muskat. 

The five new cases can be used in the develop- 
ment of an approximate method for handling irregular 
patterns. The nine-spot will be used to show the 
extent of approximately radial flow even for large 
differences in corner-well and side-well rates. The 
four boundary cases can be used to aid in estimat- 
ing the angle open to flow in irregular- boundary 
patterns. 


RADIAL SYSTEM, UNEQUAL MOBILITIES 


In each of the cases appearing in Table 1, the 


injectivity is independent of the area swept and 
depends on mobility only to the extent of simple 
proportionality. The only important variable is the 


TABLE 1B — INJECTIVITIES FOR REGULAR PATTERNS 
WITH UNITY MOBILITY RATIO. 
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R = Ratio of producing rates of corner well (c) to side well (8), 
4Pi,c = Difference in pressure between injection well and corner well (c), 


= Difference in pressure between injection well and side well (s). 


DIRECT LINE DRIVE BOUNDARY PATTERN 
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4Pi ql’ = Difference in pressure between injection well i)' and 
producing well 
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TABLE 1A — INJECTIVITIES FOR REGULAR PATTERNS 
WITH UNITY MOBILITY RATIO. 
Solid line indicates symmetry pattern of infinite well network. 
Dashed line indicates symmetry element of infinite well network. 
Code: Q Injection Wells, @ Producing Wells 
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TABLE 1C — INJECTIVITIES FOR REGULAR PATTERNS 
WITH UNITY MOBILITY RATIO, 


FIVE-SPOT BOUNDARY PATT 


RESERVOIR BOUNDARY 


0.001538 


= 
log qi 


AP: ap = Difference in pressure between injection well i' and 
producing well q' 


(Wells of outer row are alternating injection and producing wells. ) 
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(Wells of outer row are all producing wells. ) 
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TABLE 1D — INJECTIVITIES FOR REGULAR PATTERNS 
WITH UNITY MOBILITY RATIO. 


NINE-SPOT BOUNDARY PATTERN2 
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q 
SPit yg! = Difference in pressure between injection well i' and 


producing well s'. 


AP; = Difference in pressure between injection well i' and 
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system geometry and, for these restricted conditions, 
analytical solutions are possible. 

In this section another analytical solution is 
considered, this time made possible by geometrical 
simplicity. This solution illustrates the manner in 
which the other variables enter the problem, show- 
ing explicitly the variation of injectivity with posi- 
tion of the flood front for any mobility ratio. 

Consider a radial system with a central injection 
well of radius r, and imagine that fluid is produced 
uniformly from each point on a circle of radius r¢. 
Purely radial flow will result, and the front between 
injected and original fluids will be a circle whose 
radius will be called 7. Simple radial-flow equations 
will apply in both the swept and unswept regions. 
In the unswept region, the production rate q will be 
given by 

0.003076 AA, 


ge res B/D 


log 


where h is the thickness (in feet), A, is the fluid 
mobility in the unswept region (millidarcies/centi- 
poise), and pe and py are the pressures at the outer 
boundary and at the front (psi). Similarly, in the 
swept region the injection rate z will be 


0.003076 AAs 
j= B/D 


log(%/r,) 


where Ag is the mobility in the swept region and 
Pw is the pressure at the injection well. 

For steady-state incompressible flow, the injec- 
tion rate is equal to the production rate (i = q), and 
these two equations can be combined to eliminate 
py and give an expression for the injection rate in 
terms of the position of the front rf which is valid 
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for any mobility ratio. 


0.003076 Ap 


fs 
M 


where Ap = pe — py and M =A,/A,. 

In most applications, it is convenient to express 
the variation in injectivity with the progress of the 
front in terms of the initial injectivity. In this case, 
that is, a relative injectivity I, is defined as the 
ratio of the injectivity at any time (given by Eq. 3) 
to the initial injectivity (given by Eq. 3 with rp = 


le 
(3a) 
log — + — log— 


The relative injectivity starts at unity when rj = ry, 
and ends at M when rf = re (corresponding to com- 
plete sweeping of the area and complete change of 
fluid mobility from A, to Xs). 

Curves calculated from this equation are plotted 
in Fig. 1 for mobility ratios of 5, 1 and 1/2, and 
for radius ratios re/ry of 160 and 500. These ratios 
also appear in later comparisons of approximate 


10 


>~ 
= 
2 
oO 
Zz 
> 
— 
iJ 
--- d/ty=160 
0.5 


FRACTION OF RESERVOIR 
SWEPT BY FLOOD,E, 


FIG. 1 -EF FECT OF MOBILITY RATIO ON 
RELATIVE INJECTIVITY DURING 
SWEEPOUT OF RADIAL FLOOD 
PATTERN. CALCULATED FROM 
EQ. 3a. 
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calculations and model results. The relative injec- 
tivity is plotted against fraction of area swept Es, 
rather than against the position of the front. In this 


: : 2 
case, the relation is 77 = Eg, for ry, X< 


The relative injectivity changes very rapidly 
during the early part of the flood, and then shows 
a gradual change during the remainder of the flood. 
This early, rapid change followed by a long period 
of slow change is typical of radial systems. In 
complex systems, the rapid change occurs while 
the flood front is moving out from the injection well 
in a near-radial manner. 

In this simple example of complete radial flow, 
the period of gradual change extends to the end of 
the operation because breakthrough of the injected 
fluid into the producing circle occurs at complete 
sweep of the area. In a more complex system, with 
producing wells rather than the producing circle, a 
nose of injected fluid may reach a producing well 
before complete sweep of the area. After this break- 
through point, there again will be a more rapid 
change in the injectivity. 


APPROXIMATE METHOD 


REGULAR PATTERNS 

Analytical equations of steady-state pressure 
distributions in complex flood patterns have been 
derived by Muskat! for the case of unity mobility 
ratio. An examination of these pressure distributions 
shows that most of the pressure difference between 
injection wells and producing wells occurs in areas 
around the wells which can adequately be described 
as regions of radial flow. In flood patterns as com- 
plex as the nine-spot pattern (see the Appendix), 
these regions of near-radial flow still occur around 
the injection and producing wells. 

Porous, fluid-flow model studies? show that, 
even when the mobilities of the swept and unswept 
regions are different, the flood front moves out 
from the injection well in a radial manner during 
the early part of the flood. 

These properties of flood systems suggest that 
the injectivity of any system can be simply and 
quickly approximated by dividing the pattern into 
segments of radial and linear flow and computing 
the total flow by combining the radial- and linear- 
flow equations which apply to individual segments. 

In estimating injectivity by this approximate 
method, the volume of the pattern must be divided 
among the producing wells of the pattern. The volume 
assigned to each of the wells is then approximated 
by regions of radial and linear flow. The injectivity 
can be calculated by assuming that the flood front 
advances radially in the radial regions and linearly 
in the linear regions until breakthrough is ap- 
proached. In this manner, injectivity prior to break- 
through of the swept region into a producing well 
can be estimated without the need of areal-sweepout 
data for the flood pattern. 

As breakthrough is approached, a nose begins to 
grow at the flood front and streaks to the producing 
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well during a short period of time when only a 
small part of the total-pattern volume is swept. As 
further production occurs, the finger opens up and 
the rate of flow from the swept region is nearly 
proportional to the angle this finger makes at the 
producing well. Prats, et al,© showed that it is the 
existing angle open to flow which controls the 
injectivity. For a given angle, the exact shape of 
the flood front after breakthrough has little effect 
on injectivity. If the flood front after breakthrough 
is approximated by a circle with a sector whose 
angle is proportional to the rate of flow from the 
swept region, the injectivity after breakthrough can 
be estimated from the same radial- and linear-flow 
segments used before breakthrough. 

To illustrate this method of estimating injectiv- 
ity, consider the five-spot pattern shown in Table 
1. The symmetry element of the five-spot can be 
divided into two radial segments as shown in Fig. 2. 

Applying the radial-flow equation to each of the 
two radial segments and combining gives for the 
initial injection rate 


0.003076 hAy ( Pwi-Pwp) 
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hb = net pay thickness, ft, 
Tei =tadius of the radial segment around 
the injection well, 
Tep =tadius of the radial segment around 
the producing well, 
Twi = effective wellbore radius of the injec- 
tion well, 
T wp = effective wellbore radius of the pro- 
ducing well, 
P wi = pressure at injection well, Psi, 
Pwp = pressure at producing well, psi, 
= mobility of the reservoir fluid, k,/p,, 
md/cp, and 
d=distance between injection and pro- 
ducing wells (see Fig. 2). 
When the effective wellbore radii are equal and 
Tei =Tep, Eq. 4 becomes 


0.001538 (Pwi-Pwp) 


where 


,--res B/D 
ly 

(5) 

ep 


FIG. 2—DIVISION OF FIVE-SPOT PATTERN AREA 
INTO APPROXIMATING RADIAL-FLOW 
SECTORS FOR DERIVING APPROXIMATE 
EQUATION OF INJECTIVITY. 
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which agrees very closely with the exact equation 
for the five-spot pattern given in Table 1 (the only 
difference is between the constants 0.249 and 0.269). 
A still closer agreement could be obtained by ap- 
proximating the pattern area with a linear-flow seg- 
ment between two radial-flow segments. 

On the assumption that the flood front moves out 
in a true radial manner, the injectivity while the 
front is between the injection well and the radial 
boundary re; is 

| 
Pre log + log 


/ 0.003076 fay 
Pwi- Pwp ads) 


res B/D-psi 
where M = mobility ratio As/A,, and the relation be- 
tween the radius of the flood front rf, and the fraction 
of total area covered by the swept region Eg, is 


Gls 


T 


When the flood front is between the boundary rey, 
and the producing well prior to breakthrough, the 
injectivity is 


| le ‘ep 
+ log—— 
og 
0,003076 hay 
Pwp Pe 
res B/D-psi 
(8) 


FIG. 3 -ASSUMED SHAPE OF FLOOD FRONT 
AFTER BREAKTHROUGH OF THE 
SWEPT REGION INTO A PRODUC- 
ING WELL OF A FIVE-SPOT PAT- 
TERN. 
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where A 
T 


After breakthrough, the flood front will be assumed 
to have the shape shown in Fig. 3. 
The flow rate from each region is proportional to 
the mobility and to the angle open to flow from that 


region. This leads to the relation 


. (10) 


where / is the fraction of the producing stream from 
the swept region, and a is the angle (in radians) 
open to flow from the swept region. 

With values of a from Eq. 10 and data of areal 
sweep vs fractional flow from the swept region, the 
injectivity after breakthrough is 


fej 


/ P 
Fy, =| + | 
Ont lf 
/ 0.003076 
Pwi~Pwp Fy 
res B/D-psi - 11) 
where = f t CEQ) 


When areal sweep vs fractional flow from the 
swept region is not known, an approximation of 
injectivity after breakthrough can be obtained by 
assuming the radius r¢ to be constant and equal to 
the value obtained from Eq. 9 or Eq. 12 using the 
breakthrough value of areal sweep Eg. With a fixed 
radius rj, the angle a determined by Eq. 10 also 
establishes areal sweep as a function of fractional 
flow from the swept region. Patterns for which areal 
sweep data are available show no significant dif- 
ference between the injectivity calculated using 
areal sweep data and the injectivity calculated by 
fixing the radius ry at the breakthrough value of 
areal sweep. 


The approximate relative injectivities for the 
five-spot pattern calculated from Eqs. 4, 6, 8, 10 
and 11 are shown in Figs. 4 and 5 for comparison 
with experimental data reported by Aronofsky, et al, 
and by Caudle, et al.> The agreement is good except 
for very low mobility ratios where the effects of 
by-passing, fingering, and saturation gradient across 
the front become more pronounced. For these cal- 
culations, the value of re; was taken equal to rey 
for mobility ratios for which breakthrough occurs at 
areal sweeps of more than 50 per cent of the total 
area. For mobility ratios in which breakthrough 
occurred prior to 50 per cent areal sweep, the value 
of re; was calculated from the per cent areal sweep 
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(2E 
at breakthrough as re; =d =a , and the value of 


2d? 2 
Tep was calculated as rey = Feenetne 


IRREGULAR WELL SPACING OR 
UNEQUAL PRODUCING RATES 


The injectivity of a flood pattern with irregular 
well spacing or unequal producing rates can be 
estimated in a manner similar to that described for 
the five-spot by distributing the drainage area of 
the pattern among the producing wells. The area 
assigned to each of the wells is then approximated 
by radial- and linear-flow segments, and the progress 
of the front is traced through these segments. 

Dividing the area among the producing wells first 
involves dividing the total area into isolated or 
separate elements (corresponding to the division of 
the five-spot into symmetrical elements) and, then, 
dividing this isolated element among the producing 
wells in the element. 

One method of dividing the total area into isolated 
elements for separate treatment is to use as divid- 
ing lines the lines joining all the producing wells 
which are supplied by one particular injection well. 
Fig. 6 shows an isolated element obtained in this 
way. The centrally located injection well supplies 
four producing wells. Lines are drawn connecting 
each of these producing wells with its two neighbors, 
and these lines form an irregular polygon which is 
taken as an isolated element of the total flood area. 

To distribute this isolated element among the 
producing wells, a point is located on the line 


—— EXPERIMENTAL DATA 
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FIG. 4—COMPARISON OF APPROXIMATE 
CALCULATIONS WITH EXPERI- 
MENTAL INJECTIVITY OF 
ARONOFSKY FOR FIVE-SPOT 
PRODUCING PATTERNS. 
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joining each pair of neighboring wells. This point 
divides the line between the wells in proportion to 
the total producing rates of the wells. In Fig. 6, 
for example, suppose that the total well rates have 
the following ratios: 41/q2 = 1, 92/93 = 5/4, 93/94 
= 8/9, and q4/q, = 9/10. Then four points are lo- 
cated as shown in Fig. 6, dividing the four sides of 
the irregular polygon into these ratios. Points are 
located at one-half the distance from Well 1 toward 
Well 2, five-ninths the distance from Well 2 toward 
Well 3, and so on. 

Each of these individual well areas is now divided 
into radial segments, or possibly into radial and 
linear segments. The radius of the segment at the 
injection well, re;, can usually be taken as half the 
distance to the nearest producing well. A value of 
Tep can then be calculated for each well so that the 
sum of the areas of the two radial sectors for each 
well is equal to the area assigned to that well. 

The flood front is then traced through these sec- 
tors in a manner similar to that described for the 
five-spot. In the flood pattern of Fig. 6, for example, 
when the flood front is between the injection well 
and the radial boundary, re; (and prior to break- 
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FIG, 5—COMPARISON OF APPROXIMATE CALCULA- 
TIONS WITH EXPERIMENTAL INJECTIVITIES 
OF CAUDLE FOR FIVE-SPOT PRODUCING 
PATTERN. 


FIG.6—DIVISION OF IRREGULAR PATTERN INTO 
APPROXIMATING RADIAL-FLOW SECTORS 
FOR ESTIMATING INJECTIVITY. 
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through), the injectivity of the pattern referred to 
the difference in pressure between the injection 
well and producing Well 1) is 


e/ 
Tepl 
OC 
/ Twpl 
i 0.003076 hay 
= res -ps 
Pi Piz 


Referred to the difference in pressure between the 
injection well and producing Well j, the injectivity 
of the pattern during the same period of the flood is 
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e/ 
qj 
/ 
j 0.003076 ha, 
= , res B/D-psi 
Pi Pig 
where 
n 
6; qj, reservoir B/D, 
nm = number of producing wells in the pattern ele- 
ment (n = 4 in this example), 
6; = vertex angle of the pattern boundary at pro- 
ducing Well j, radians, 
qj = total producing rate of Well j,reservoir B/D, 


ft, and 
? 


A, = total area of the isolated pattern element, 
sq ft. 
When the flood front is between rey, and the pro- 
ducing well, the injectivity is 


| qj | epj 
+ lo 
/ 0.003076 
5 , res B/D-psi 
P; ~ Ppj Ps 
where 
2g 
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After breakthrough occurs, the injectivity is 


fej Gi lo 
wi / 


/ 0.003076 AA, 
Pj Ppj Piz 


, res B/D-psi 


where the radius rs; after breakthrough can be as- 
sumed to be constant and equal to the value obtained 
from Eq. 16 using the breakthrough value of areal 
sweep, Es. The angle open to flow from the swept 
region, aj, can be calculated with Eq. 10. 

The isolated element of a producing pattern can 
also be distributed among the producing wells by 
using the differences in pressure between the injec- 
tion well and the producing wells as the criteria 
for assigning the radial-flow sectors to each pro- 
ducing well. Eq. 14 can be written for each produc- 
ing well and the resulting equations solved for the 
appropriate values of rep; according to the differ- 
ences in pressure desired between the injection 
well and the producing wells. One method of doing 
this is by a simple iterative scheme. Eq. 14 can 
be written for each producing well and the results 
combined to give the total injection rate for the 
pattern as 


/ = e 
log ‘ei 
J 
‘epj 
w/ 


We begin by guessing the ratio of producing rates 
for all neighboring producing wells and calculating 
a set of rep;’s as before. From Eq. 14a an approxi- 
mate total injectivity is calculated. Substituting 
this injectivity into Eq. 14 gives an approximate 
producing rate for each producing well. The ratios 
of these producing rates can be used to re-divide 
the pattern and calculate a better approximation of 
the total injection rate. The initial guess is based 
only on the ratio of producing rates for neighboring 
producing wells and not on absolute rates. When 
the theoretical equations or model data for initial 
injectivities are available for unity mobility ratio, 
the actual injection rate (rather than the rate cal- 
culated from Eq. 14a) is used with Eq. 14 to re- 
divide the pattern area. 


ont 
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For comparison with experimental model data, 
the injectivity of a nine-spot pattern was calculated 
for an adverse mobility ratio of 10:1, and corner 
wells and side wells producing at equal rates. 
Although the nine-spot pattern generally is not con- 
sidered to be an irregular pattern, it represents a 
system in which the producing wells are not all 
equidistant from the injection well. The injectivity 
was calculated from Eqs. 10, 14, 15, 16 and 17 by 
approximating the pattern area using two different 
criteria for determining the radii of the radial-flow 
sectors—(1) producing rates of the producing wells, 
and (2) the initial injectivities from the theoretical 
equations in Table l. 

The approximate calculations for the nine-spot 
are shown in Fig. 7, together with porous-model 
results’ for the same conditions. The calculated 
injectivities show very close agreement with the 
model data. The disagreement at early areal sweep 
could be accounted for by wellbore damage in con- 
struction of the model. The slight disagreement in 
the two sets of model data is probably due to in- 
homogeneity in the model and extent of wellbore 
damage at the two corner wells of the model shown 
in Fig. 7. 

BOUNDARY PATTERNS 

To estimate the injectivities of boundary patterns, 
the effect of flow from outside the normal well net- 
work must be taken into account. A study of the 
boundary patterns listed in Table 1 showed that 
the effect of the position of the boundary on the 
injectivity of the outer row of wells approaches a 
limiting value when the boundary is more than one- 
half the well spacing beyond the outer row of wells, 
and it has almost no effect on wells two or more 
rows in from the boundary. All wells except the 
outer row thus can be treated as interior wells, and 
an estimate of injectivity in boundary patterns can 
be made by calculating an effective drainage angle 
0 for the outer row of wells and then tracing the 
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0.5 
FRACTION OF RESERVOIR 
SWEPT BY FLOOD,E, 
FIG. 7—COMPARISON FOR ESTIMATED INJECTIVITY 
WITH EXPERIMENTAL DATA BY CAUDLE FOR A NINE- 
SPOT PRODUCING PATTERN (M=10, R=1, AND d/r,= 
160). CIRCLES AND TRIANGLES ARE EXPERIMENTAL 
INJECTIVITIES FOR THE TWO CORNER WELLS USED 
IN THE MODEL. DASHED LINE EQUALS CALCULATED 
INJECTIVITY WITH PATTERN AREA DIVIDED TO MAKE 
APPROXIMATE EQUATION MATCH THEORETICAL 
EQUATION AT E,=0. SOLID LINE EQUALS CALCU- 
LATED INJECTIVITY WITH PATTERN AREA DIVIDED 
IN PROPORTION TO PRODUCING RATES. 
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front advance as was done for the regular five-spot 
pattern. For example, if the five-spot pattern with 
all wells producing at the same rate were a boundary 
pattern as shown in Fig. 8, the injectivity of this 
boundary pattern could be estimated as follows. 

The area of this pattern inside the well network 
can be approximated by radial-flow segments iden- 
tical to those of Fig. 2. With these values of re; 
and Tep, the assumed “symmetry pattern is then 
represented by the radial sectors shown in Fig. 9. 

Describing the flow in each sector by the radial- 
flow equation and combining gives an initial injec- 
tivity for this assumed-boundary symmetry element 
of 


/@ wp 
fi 0.003076 
Pwi~Pwpb Pig 
res B/D-psi 
. (18) 


where gp = producing rate at the boundary well, 
reservoir B/D, 
i = total injection rate of pattern, reservoir 
B/D, and 
6 = effective drainage angle of boundary 
well, radians. 

With all wells producing at the same rate, gp, = 
(2/3)i. With the injectivity by the approximate Eq. 
18 set equal to the injectivity by the analytical 
equation in Table 1, the effective drainage angle @ 
can be calculated. For d/r,, = 160, the effective 
drainage angle @ in Fig. 9 is 2.05 radians. This 
effective drainage angle can be used in the radial 
flow equation, and the injectivity of this boundary 
pattern then can be estimated by tracing the front 
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FIG, 8 — BOUNDARY FIVE-SPOT PATTERN. 
DASHED LINE INDICATES AS- 
SUMED SYMMETRY PATTERN. 
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FIG, 9—DIVISION OF BOUNDARY FIVE-SPOT PAT- 
TERN INTO APPROXIMATING RADIAL SEC- 
TORS FOR ESTIMATING INJECTIVITY. 
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through these radial sectors in the same manner as 
was done for the interior five-spot pattern. 

Based on the difference in pressure between the 
injection well and producing Well j, the injectivity 
of the five-spot boundary pattern of Fig. 9, prior to 
breakthrough and while the flood front is between 
the injection well and the boundary ro,;, is 


| 
f e/ 
19 M log a + log a 
Org; 
wi 
/ 7A, 
Pwi~ Pw) Pig 
res B/D-psi 
where rf = 
7 


A = total area within the normal well net- 
work, sq ft, and 

6;, = total angle open to radial flow at Well 
j, radians. 


While the flood front is between the boundary rep; 
and the producing Well j, the injectivity is 


| eng; | 
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2g 
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After breakthrough occurs, the injectivity is 
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where 


and ry; 1s assumed to remain constant after break- 
through and can be calculated from Eq. 21 using 
the value of E, at the time breakthrough occurs at 
Well). 

Eqs. 19 to 23 are the general equations for esti- 
mating injectivity in complex well networks and 
reduce to the identical equations of the interior 
flood patterns given in previous sections for the 
five-spot infinite array and for the irregular interior 
patterns. 

A comparison of the approximate injectivity of 
the boundary five-spot pattern of Fig. 9 with the 
injectivity of the interior five-spot pattern of Fig. 2 
is shown in Fig. 10 for a mobility ratio of 10. 


CONCLUSIONS 


When the mobility of the fluid injected into a 
reservoir is different from the mobility of the reser- 
voir fluid, the injectivity changes rapidly during 
the early part of the operation — and then only grad- 
ually until breakthrough occurs. Since most of the 
change in injectivity occurs during the early part of 
the flood while the flood front is nearly radial, reli- 
able estimates of injectivity can be obtained by 
approximating the flood pattern with radial- and 
linear-flow segments. 

Injectivity can be estimated after breakthrough 
by assuming that the flood front can be approximated 
by simple shapes and that the angle the swept region 
makes at the producing well is proportional to the 
rate of flow from the swept region. An estimate of 
breakthrough sweep efficiency is required to calcu- 
late injectivity after breakthrough. 
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FIG. 10-—COMPARISON OF RELATIVE INJECTIVITY 
OF (1) FIVE-SPOT INFINITE ARRAY WITH 
RELATIVE INJECTIVITY OF THE FIVE-SPOT 
BOUNDARY ARRAY OF FIG. 9 BASED ON (2) 
PRESSURE DIFFERENCE BETWEEN INJEC- 
TION WELL AND INTERIOR WELL AND (3) 
PRESSURE DIFFERENCE BETWEEN INJEC- 
TION WELL AND BOUNDARY WELL. 
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The approximate equations of injectivity can be 
applied to irregular interior patterns and to bound- 
ary patterns. 
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NOMENCLATURE 


distance between injection and producing 
wells, ft 

fraction of producing stream which is from the 
swept region 

net pay thickness, ft 

injection rate, reservoir B/D 

specific permeability, md 

pressure, psi 

producing rate, reservoir B/D 

radius, ft 

fraction of reservoir swept by injection fluid 

ratio of mobilities of swept region to unswept 
region 


R_ = ratio of producing rates of corner well to side 
well for nine-spot producing pattern 
a =angle open to flow from the swept region, 
radians 
@ = vertex angle of pattern boundary at producing 
well, radians 
X= fluid mobility (k/p), md/cp 
p = fluid viscosity, cp 
SUBSCRIPTS 
b = boundary well 
e = external boundary 
ei = external boundary of radial sector around in- 
jection well 
ep = external boundary of radial sector around pro- 
ducing well 
= flood front 
C 
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FIG, 1la—STEADY -STATE PRESSURE DISTRIBUTION 


IN NINE-SPOT PATTERN FOR UNITY MOBIL- 
ITY RATIO AND CORNER-TO-SIDE PRODUC- 
ING RATIO = 0.5. (PER CENT OF TOTAL 
DIFFERENCE IN PRESSURE BETWEEN IN- 
JECTION WELL AND SIDE PRODUCING 
WELL.) d/r,, = 1,000. 
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FIG. 11b—STEADY-STATE PRESSURE DISTRIBUTION 


IN NINE-SPOT PATTERN FOR UNITY MOBIL- 
ITY RATIO AND CORNER-TO-SIDE PRODUC- 
ING RATIO = 1. (PER CENT OF TOTAL DIF- 
FERENCE IN PRESSURE BETWEEN INJEC- 
TION WELL AND SIDE PRODUCING WELL.) 
d/r,, = 1,000. 
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FIG, 1l1c—STEADY-STATE PRESSURE DISTRIBUTION IN 
NINE-SPOT PATTERN FOR UNITY MOBILITY 
RATIO AND CORNER-TO-SIDE PRODUCING 
RATIO = 2. (PER CENT OF TOTAL DIFFER- 
ENCE IN PRESSURE BETWEEN INJECTION 
WELL AND SIDE WELL.) d/r,, = 1,000. 


carried on at the laboratory of The Atlantic Refining 
Co., Dallas. 
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works’’, Prod. Monthly (March, 1948) 14. 


APPENDIX 


STEADY-STATE PRESSURE DISTRIBUTION 
IN THE NINE-SPOT PATTERN 


The steady-state pressure distribution in the nine- 
spot pattern for unity mobility ratio was calculated 
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after the method of Muskat1,8 for ratios of corner- 
well to side-well production of 1/2, 1 and 2. For 
the infinite well array shown in Fig. 7, the steady- 
State pressure distribution is given by 


= cosh 
x 
H, =cosh cos — 
=+0 
2 
m=+o 
m=-@ lah 
(24) 


where R =ratio of corner-well to side-well producing 
rates. 

The calculated pressure distributions are shown 
in Fig. 11 as percentages of the total pressure dif- 
ference between the injection well and the side well. 

The singular point (discontinuity of pressure 
gradient) between the side well and the corner well 
was obtained by cross-plotting of the calculated 
pressure distribution and is only approximate. How- 
ever, the large extent of the near-radial pressure 
distribution is readily apparent. In the case of R = 
1 in Fig. 11, for example, more than 95 per cent of 
the pressure difference between the injection well 
and the corner well could adequately be described 
as radial, 
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Analysis of Gas-Cap or Dissolved-Gas Drive Reservoirs 
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ABSTRACT 


A numerical method of solving the partial differ- 
ential equations which describe the one-dimensional 
displacement of oil by gas has been presented. 
Possible extension of the method to treat multidi- 
mensional flow is discussed, and the limitations of 
this extension are indicated. Using this method, it 
is possible to allow for the existence of a gas cap, 
the presence of any number of gas-injection or oil- 
production wells and the evolution of dissolved gas 
from the oil. It is also possible to allow for variation 
in the cross-sectional area, elevation, porosity and 
permeability of the reservoir. The influence of 
relative permeability and the force of gravity in the 
direction of flow upon the displacement is considered. 

The influence of capillary pressure upon the flow 
and the effect of gravity in the direction perpendicular 
to flow are neglected. The physical properties of the 
fluids are considered to be functions of pressure only, 
and equilibrium between contiguous phases is as- 
sumed. 

The numerical calculations can be readily carried 
out by the use of a digital computer. Several example 
analyses have been performed using the IBM 704 
computer, and about one-third of an hour of comput- 
ing time was required per case. Reservoir behavior 
predicted by use of this numerical method was 
compared to data obtained by other methods for three 
cases — complete pressure maintenance, dissolved- 
gas drive and gas-cap drive. The independent solu- 
tions to these problems were obtained by analytical 
solution, laboratory experiment and field data, re- 
spectively. Agreement of the numericai solution with 
data from these sources was good; this agreement 
establishes the convergence and accuracy of the 
numerical method. 


INTRODUCTION 


Most petroleum reservoirs can be produced by any 
one of several alternative programs. When a reservoir 
is produced by primary methods, production eco- 
nomics can be influenced by controlling the number 
and location of wells and the flow rate of each well. 


Original manuscript received in Society of Petroleum Engineers 
office July 21, 1960. Revised manuscript received Jan. 3, 1961. 
Paper presented at 35th Annual Fall meeting of SPE, Oct, 2-5, 
1961, in Denver. 
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An even greater influence may be achieved by 
augmenting the recovery of oil obtainable by primary 
methods. This can be accomplished by injection 
of fluids such as water, natural or enriched gas or 
a bank of light liquid hydrocarbons. Selection of 
the most desirable operation requires a means of 
predicting the reservoir behavior which will result 
from each of the several alternative programs. The 
purpose of this paper is to present a mathematical 
method for predicting the behavior of reservoirs 
produced by gas-cap drive, dissolved-gas drive or 
pressure maintenance by gas injection. 

The method described herein takes cognizance 
of phase changes caused by a decline or an increase 
(due to gas injection) in reservoir pressure, of the 
presence of a gas cap and of the effect of gravity 
on the flow of gas and oil. Relative permeability 
relationships are used to define the flow properties 
of the rock. Allowance is made for variation in 
cross-sectional area, elevation, permeability and 
porosity of the reservoir. Both the influence of 
capillary pressure upon the flow and pressure 
gradients in the gas cap are neglected. Whenever a 
liquid phase and a gas phase are in contact, they 
are assumed to be in equilibrium. The physical 
properties of the fluids are considered to be func- 
tions of pressure only. Therefore, if the method is 
to be used to predict the effects of a gas-injection 
program, mixtures of the injected gas and formation 
crude should-have the same physical properties as 
mixtures of formation gas and crude. 

The equations to be presented in this paper apply 
only to a one-dimensional case; therefore, they 
neglect the influence of gravity in the direction 
transverse to the flow. As is well known, this 
gravitational influence may lead to overriding of 
oil by gas. Consequently, this procedure as presented 
is most applicable to long, thin reservoirs for which 
gravity overriding is not important. On the other 
hand, the equations presented can be generalized 
to treat multidimensional flow and, hence, to consider 
gravity overriding, if desired. A word of caution 
on two points is advisable here, however. First, 
the authors have not demonstrated the accuracy of 
the numerical technique for multidimensional flow. 
Second, and more important, capillary pressure will 
often be of importance in multidimensional problems. 
Obviously, in such cases a generalization of the 
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present method would be inadequate. 

These limitations of the present method are less 
restrictive than limitations on previously published 
methods of predicting gas-drive reservoir behavior.!~-9 
For example, the method of Ref. 1 is restricted by 
the assumption that pressures and saturations are 
uniform throughout the reservoir, and the method of 
Ref. 2 is limited to dissolved-gas-drive reservoirs 
involving a single well. Ref. 3 through 8 are suitable 
only for complete pressure maintenance by gas 
injection. Ref. 9 presents a method capable of 
handling pressure decline, but the mathematical 
relations used are not rigorous, the method of 
computation is tedious and it does not provide a 
way of calculating pressure distribution throughout 
the reservoir. 

The method presented in the paper differs from 
that of Ref. 9 by being based on solution of a more 
rigorous mathematical statement of the problem. 
This statement consists of two simultaneous partial 
differential equations and suitable boundary condi- 
tions. These equations are solved by a systematic 
approximation technique which has been adapted to 
solution by electronic computation. This relieves 
the engineer of most of the labor involved and makes 
feasible the completion of a reservoir analysis in 
approximately 20 minutes on an IBM 704 computer. 
The calculations provide complete pressure and 
saturation profiles at frequent time intervals, as 
well as gas-oil ratios and cumulative production 
data for each well. 

Derivation of the differential equations stating 
the problem is presented first. This is followed 
by transformation of the equations into finite- 
difference equations. Finally, the convergence and 
accuracy of the method is evaluated by comparing 
computed results with results obtained from analyt- 
ical solution, laboratory experiment and _ field 
observation. 


THE DIFFERENTIAL SYSTEM 


The fundamental equations used to define the 
reservoir behavior are the equations of continuity 
for gas and stock-tank oil and Darcy’s law of flow 
for each phase. The continuity equation for gas 
allows for the presence of a distributed sink for 
fluid production of strength V, for oil and V, for 
gas. This equation is 


- + ABR) - V 


where 5 =the standard cubic feet of gas per cubic 


feet of gas at reservoir conditions, 

Vz =the rate of free-gas production per unit 
length of the reservoir, and 

Vo =the rate of oil production per unit length 


of the reservoir. | : 
Eq. 2 is the continuity equation for oil. In this 


lrpeferences given at end of paper. 
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expression, the volatility of the stock-tank oil has 
been neglected. 


(u,AB,) -V, = ¢A—(S,B,) (2) 
Ox at 
Darcy’s law of flow for each phase, 
[AP 
to Ox 
and 


where z = the elevation of the reservoir above an 
arbitrary datum plane, and the equation, 


complete the statement of the differential problem 
except for boundary and initial conditions. 


Eqs. 3, 4 and 5 may be used to eliminate uo, Ug 
and S, from Eqs. 1 and 2. This would result in two 
differential equations containing two dependent 
variables, S, and P. These two equations may be 
solved simultaneously to obtain the desired solution. 
Instead of taking this approach, it is desirable first 
to combine Eqs. 1 and 2 to eliminate time derivatives 
of saturation and, then, to use the new equation and 
Eqs. 2, 3, 4and 5 to define the problem. The advantage 
of doing this is that the new equation can be approx- 
imated by a difference equation having only pressures 
at an advanced time level as unknowns. This gives 
rise to a set of equations which can be solved to 
obtain a complete pressure distribution at the new 
time. These new pressures canbe used ina difference 
approximation of Eq. 2 to yield saturations at the 
new time. Thus, the solution of the two equations 
is divided into two steps, solution of a pressure 
equation and solution of a saturation equation. The 
necessity of solving for pressures and saturations 
simultaneously is avoided by this procedure. 


The desired combination of Eqs. 1 and 2 is effected 
by multiplying Eq. 1 by B,, multiplying Eq. 2 by 
(6 — BoRs), replacing Sg by (1 — Swe — Sg), expand- 
ing the product derivatives on the right-hand side of 
the equation and replacing terms of the form 


dC(P) 


dQ(P) ,aP 
y — = 07 
at dP at at 


Here C or C(P) indicates a function of pressure 


only, and C” denotes ao. 
dP 


Adding the resulting 


equations gives 
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= 


0 
- B, + u, ABR.) -(8- B,R,) 


a 
= $AIS,[B, (5 B, R,)’— - B, R, + 


t 


ot 


where the function, D(P, Sg) is defined by the last 
equality. 

Next, uo, ug and S, are eliminated from Eqs. 6 
and 2 by use of Eqs. 3, 4 and 5, which results in 
the following equations. 


kk, Ad oP 
— + — f- 
Ox Ox Ox 
kk,, ABR 
( + (5 - B, R,) 
oP 
t 
and 
|[**o4B\ ap da 
— + Pog - = 


All that is needed in addition to Eqs. 7 and 8 to 
define the reservoir behavior is a statement of 
suitable boundary and initial conditions. 

The initial conditions in most gas-cap-drive 
Situations are that the gas saturation throughout 
the reservoir is zero and that the pressure at the 
original gas-oil contact is specified. Since the 
reservoir fluids are initially at rest, the pressure 
gradient at any point in the reservoir is equal to the 
density of the oil times the elevation gradient at 
that point. This completely defines the initial pres- 
sure distribution in the reservoir. Stated symboli- 
cally, these initial conditions are 


S,= 0 for ¢=0; 


and 


Ox z 


where X = total length of the reservoir, and 
P, = initial gas-cap pressure. 

The boundary condition at the original gas-oil 
contact is that the rate of gas entry at that point, 
ig, is determined by the expansion of the gas-cap 
gas which has a volume V. The amount of gas in the 
gas cap at any pressure is V 6 (P), and the rate at 
OP ig. 
ot 

At any production-well location, it is desirable to 
specify the rate of stock-tank oil production qo 
provided this rate does not exceed the productivity 
of the well. This oil rate is related to the gas- 
production rate through the relative permeabilities 
and fluid properties existing at that time at the 
location in question. The quantitative relationship 
is derived from material balances on the differential 
element Ax of the reservoir which contains a pro- 
duction well. A material balance on the oil phase 


yields 
BAlu,), = Yo + By Alu), 


which gas enters the oil zone is ~V 5’ 


where subscript 1 indicates conditions at x — Ax/2 
and subscript 2 conditions at x + Ax/2. 
The gas-phase material balance yields 


bA(u,) = 9, + 


Darcy’s law of flow is used to eliminate (ug), 
(Ugly, (Uo), and (ug), from these equations; then the 
resulting equations are combined to eliminate 


oP - 


-(2) , the result is 
Ox 


If the well is located at-the end of a reservoir, 
then (uvo)2 = (ug)2 =0. In this case, Eq. 10 is the 


result of this analysis and should be used in place 
of Eq. 9. 


Vp Ok, kk, Adg 
—= ——— + (p, - p,) ———  — . (10) 
oltg Gok g Ja 


Note that in both Eqs. 9 and 10 gg represents only 
gas produced as free gas. A quantity of dissolved 
gas equal to q, Rg, is also produced with the oil. 


If the productivity of the well is less than the 
desired production rate, the boundary condition 
becomes one of constant pressure at the well. 
Since the one-dimensional analysis presented in 
this paper neglects the pressure drop due to radial 
flow around the well, the constant pressure employed 
in the calculations should be greater than the 
actual bottom-hole pressure to be maintained in the 
well. The difference in these two pressures should 
equal the pressure drop caused by radial flow into 
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the well and can be estimated from radial flow 
formulas. 

At the reservoir boundaries, there must be no 
flow of either gas or oil. This is accomplished by 
setting uo = u, = 0. 

At injection wells (if there are any), the rate of 
gas injection may be arbitrarily specified. The gas 
Saturation at gas-injection wells and at the gas- 
Cap contact is set equal to that saturation existing 
when the rock contains residual oil. 

Specifying the boundary conditions completes the 
statement of the problem in differential form. The 
next step is to write suitable difference approxima- 
tions to Eqs. 7 and 8, 


THE DIFFERENCE SYSTEM 


There exist many difference equations which under 
casual investigation appear to be valid analogues 
of Eqs. 7 and 8. Some of these provide adequate 
approximation, while others do not. Since there is no 
rigorous analysis to demonstrate that the solution 
of these analogues converges to that of the differ- 
ential system, the final test must be experimental 
computing. Analysis of similar, but simpler, systems 
serves as a useful guide in selecting equations to 
be tested. 

The set of difference approximations to Eqs. 7 
and 8 presented in this section have been subjected 
to extensive testing, and the results are discussed 
in the following section. This testing has shown 
the set to be suitable for the prediction of reservoir 
behavior for gas-cap drive, dissolved-gas drive and 
pressure maintenance by gas injection. However, no 
claim is made that this is the only set of equations 
which will satisfactorily approximate Eqs. 7 and 8. 

In writing finite-difference approximations to 
Eqs. 7 and 8, the distance axis is divided into J 
increments Ax in length, and the time scale is 
divided into increments At in length. The following 
definitions are used. 

Nx: 

X =] Ax =total length of reservoir, 

t, =n At, and 

Derivatives of the form, 


2 


Ox Ou 


to be evaluated at x; and t,,,, are replaced by terms 
of the form, 


Ag 


(Far ns) 
Cay, 


Az 


in arriving at difference approximations of Eqs. 7 
and 8. 

Attention is called to the fact that the coefficient 
E, which is a function of saturation only, is evaluated 
at the upstream end of the interval. That is, if the 
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Relative Permeability, per cent 


Gas Saturation, fractional 


pressure difference involves points j and j + 1, E is 
evaluated at point 7. This is the upstream end of the 
interval since in the problem being considered flow 
is from point 7 to 7 + 1. If E were evaluated at the 
midpoint of the interval, like C (P), then the 
numerical procedure would not give solutions which 
converge to a true solution of the differential sys- 
tem. If the equations presented herein are generalized 
to treat multidimensional flow, care must be taken to 
evaluate the function E at the upstream end of the 
interval whenever it appears in approximations of 
distance derivatives. Otherwise, the extension of 
100 
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FIG. 1 — RELATIVE PERMEABILITY-SATURATION RE- 
LATION, PRESSURE MAINTENANCE. 
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the procedure to two or three dimensions is perfectly 
straight-forward. 


P 
Time derivatives such as ey, are approximated 


At 
mated as distributed sinks of strength (2) for 
Ax in 


P; 
as I} ® Production wells are approxi- 


oil and x2 for gas. Injection wells are treated as 


-& | The inclusion of these 


Ax 


source and sink terms satisfies the boundary con- 
ditions of specified rates at the wells. 

In writing the difference equations, subscripts 
were dropped from Bo, Rs and Sg for simplicity. 
The approximation to Eq. 7 is implicit in pressures 
and is given by 


sources of strength 
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FIG. 3 — RELATIVE PERMEABILITY-SATURATION RE- 
LATION, DISSOLVED-GAS DRIVE. 
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(Az)? 
AB 
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R+ 
jen 
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(Piet = 
= (¢4),D,_,, 


where ig, Yo, Gg > 0. 

There are (J + 1) grid points in the reservoir 
corresponding to7 =0, 1,2... J-1, J. The reser- 
voir may be divided into segments of length Ax, 
centered about grid points. Eq. 11 as applied to the 
point 7 represents a combination of the two material- 
balance equations for the segment centered on qe 
At the end points 7 = 0 and j = J, there exists only 
one-half of a segment; hence, the right-hand side of 
Eq. 11 should be divided by two when applying it 
to these points. 
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Maintaining the proper boundary conditions at the 
points 7 = 0 and j = J also requires that k; = -1 and 
k, be set equal to zero in Eq. 11. The resulting 
form of the equation places a restriction on the 
pressure such that the rate of flow at these points 
is equal to that specified by the i, qo, and Ge 
terms of Eq. 11. If no production or injection occurs 
at j=], then ig =q9=qg=0 and the no-flow boundary 
conditions of u, =U g=0 are satisfied. The boundary 
condition at the gas-cap contact is satisfied by 
setting 7, at 7 = 0 equal to 


At 


- Vd’ 


As stated earlier examination of Eq. 11 reveals 
that, if conditions of saturation and pressure are 
known at time level t,, the only unknowns in Eq. 11 
are pressures at time t,,1. The equation may, there- 
fore, be put in the form, 


where aj, bj, Cj and d; are known constants for each 
point 7. The equation for each point involves three 
unknowns, except for the first(7=0) and last (j= J) 
equations which contain only two. There are, al- 
together, J] equations and J unknowns. This system 
of linear simultaneous equations can readily be 
solved by a method described in the literature! to 
yield a set of pressures at the new time level t+. 
These new pressures are used in a difference 
approximation of Eq. 8 to find the new saturation at 
tmy+1- The approximation used for Eq. 8 is 


AB 


(Ax)? 
AB 


Fo 


(Aa) 2 
At At 


At j = 0, the original gas-oil contact, the gas 
saturation is held constant at a value corresponding 
to the residual oil saturation. At 7 =J, as for Eq. 
11, it must be noted that k, = 0 and that only one- 
half of a segment is present. 

When the pressure at a well is specified rather 
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than the flow rate, this pressure is first corrected 
to allow for the pressure drop due to radial flow 
into the well. Then this corrected pressure is used 
in lieu of Eq. 11 at the grid point corresponding to 
the well. Writing Eq. 11 for all points except those 
at which pressures are specified and combining 
this set of equations with the specified pressures 
results in a system of equations which can be 
solved to yield a complete pressure distribution at 
time level n + 1 (assuming pressures and saturations 
were known at time level n). Then Eq. 11 written 
for the points at which the pressure was arbitrarily 
specified will contain two unknowns, qo and gg, 
and can be combined with either Eq. 9 or Eg. 10, 
as appropriate, to yield q, and qg for the well. 
Eq. 12 is solved explicitly for the saturation at 
time level m + 1. As with all explicit equations, 
there is an upper limit on the size of the time step 
that can be employed. This limit cannot be estab- 
lished precisely for the general case, but for the 
case of constant coefficients (i.e., the pressure- 
maintenance problem where fluid properties are 
considered invariant), this limit is given by 


Awd 


IN ONS 
(u, + Ute 


minimum 


The maximum value of (uw, + wg) is employed in 


this equation. The quantity {7 is equal to ae 

dS 
evaluated at the gas saturation existing at the gas 
front. 

This limitation was derived from a heuristic 
stability analysis and verified by experimental 
computing for the case of pressure maintenance. 
While it was found that a slightly less stringent 
time-step limitation could be applied for gas-cap or 
dissolved-gas-drive calculations, this equation 
serves as a useful guide in selecting the time step. 


MATERIAL BALANCE EQUATIONS 


The difference equations presented in the preced- 
ing section are consistent with the conservation of 
matter. Thus, the amount of gas and oil should be 
conserved during the course of the calculations, It 
is advantageous to monitor the accuracy of the cal- 
culations by means of over-all material balances 
on both gas and oil, since such balances represent 
independent checks on the accuracy with which the 
difference equations are being solved. In this way, 
machine or other errors may be detected. 

To compute an over-all material balance it is 
necessary to integrate to obtain both the quantity of 
oil and the quantity of gas present in the reservoir 
as a function of time. It also is necessary to inte- 
grate to obtain the cumulative production of gas and 
oil. The integrals are of an elementary form and 
will not be repeated here. However, it should be 
noted that, to make the material balance exact 
except for machine round-off error, these integrals 
must be evaluated by the trapezoidal rule. 


EVALUATION OF THE METHOD 


The method described in the preceding sections 
is intended for application to a wide variety of gas- 
drive problems including dissolved-gas drive, gas- 
cap drive, complete pressure maintenance and 
pressure-buildup operations. Therefore, in evaluating 
the validity of the method, it was desirable to solve 
a number of problems by the numerical method of 
calculation and to compare the answers to ones 
obtained by analytical methods, laboratory experi- 
ment or field data. Three problems were selected 
— complete pressure maintenance, dissolved-gas 
drive and gas-cap drive. In all three cases, gravity 
was an important factor in the recovery mechanism. 
The first problem, complete pressure maintenance, 
was solved analytically by the Buckley-Leverett 
technique. Laboratory data were obtained for a 
dissolved-gas-drive reservoir, and field data were 
available for a gas-cap-drive reservoir. 

The numerical calculations were programed for 
the IBM 704 in machine language using the SHARE 
assembly program. The total machine storage re- 
quirement for input-output routines, program and 
data storage is approximately 7,000 words. If the 
reservoir is divided into 20 grid intervals, which 
is adequate for the problems described, the compu- 
tations require six seconds per time step. About 
200 time steps are required in a typical case, and 
this results in a total computing time of approxi- 
mately 20 minutes per case. Increasing the number 
of grid intervals increases the number of time steps 
required, so that total computing time is proportional 
to the square of the number of intervals used. 


COMPLETE PRESSURE MAINTENANCE 


The results of complete pressure maintenance 
were computed for a hypothetical reservoir 10,000-ft 
long, 25,000 sq ft in cross-sectional area and with 
an angle of inclination of 6° from the horizontal 
direction. The reservoir was initially 75 per cent 
saturated with oil; the other 25 per cent saturation 
was connate water. Production was taken only from 
the bottom extremity of the reservoir, and gas was 
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FIG. 5 — PRESSURE BEHAVIOR AT TOP OF COLUMN, 
DISSOLVED-GAS DRIVE. 
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injected into the upper extremity at a rate of 500,000 
scf/day. This rate of injection just balanced the 
total rate of production so that the pressure at 
the lower end of the reservoir was coustant at 
1,000 psig. Reservoir permeability was 1 darcy, and 
the porosity was 25 per cent. The relative permea- 
bility-saturation relationship for the reservoir matrix 
is shown in Fig. 1. 

This problem was solved under the assumption 
that the pressure drop in the reservoir was small 
enough that the fluid properties could be treated 
as invariant. The fluid properties employed in the 
calculations were: oil viscosity, 0.5 cp; gas vis- 
cosity, 0.014 cp; oil density, 45.5 lb/cu ft; gas 
density, 0.5 lb/cu ft; oil formation volume factor, 
0.8; gas solubility, 600 scf/STB; and gas expansion 
factor, 82.5 scf/reservoir cu ft. 

The saturation profile after 8.2 years of injection, 
as calculated by the Buckley-Leverett4»5 analytical 
technique, is shown as the solid curve in Fig. 2. 
Results of the numerical calculations are also shown 
in this figure. The open circles were computed 
with Ax = 250 ft, the squares with Ax = 500 ft and 
the solid circles with Ax = 1,000 ft. The ratio At/ 
Ax was equal to 0.41 x 10-3 years/ft in all three 
calculations. Behind the gas front, the data from 
all three numerical calculations give good agree- 
ment with the analytical solution, but at the front 
it is only fair for Ax equal to 500 or 1,000 ft. With 
Ax equal to 250 ft, the computed front is relatively 
accurate; further refinement of the size of Ax, 
while keeping At/Ax constant, would further in- 
crease the accuracy. 

Refinement of At while keeping Ax constant at 
500 ft did not appreciably alter the solution shown 
in Fig. 2. 

Application of the numerical technique to this 
problem constitutes a severe test of the method 
because of the saturation discontinuity which devel- 
ops during the displacement. Nevertheless, the 
data given in Fig. 2 show that the approximate 
solution can be made to approach the analytical 


solution as closely as desired by refining the size 
of Ax. 
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FIG. 6 — VARIATION OF THE DIFFERENCE IN OIL- 
PHASE POTENTIAL AT TOP AND BOTTOM 
OF COLUMN, DISSOLVED-GAS DRIVE. 
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TABLE 1 — PHYSICAL PROPERTIES OF FLUIDS FOR 
DISSOLVED-GAS-DRIVE SYSTEM, TEMPERATURE = 75°F 


Pres- Oil i- i 
(psig) Fecice of Gas** (cp) (lb/cu ft) 
0 0 1.000 1.00 1.55 0.115 
5 6.26 0.991 - - 
10 11673 0.980 1.70 1.31 0.198 
15 17.48 0.967 
20 23.58 0.950 2.43 Jel) 0.280 
25 30.32 0.930 
30 38.00 0.908 SS U7/ 0.93 0.364 
35 47.62 0.882 - - - 
40 62.06 0.854 3.94 0.76 0.450 


*Cubic feet of gas at standard conditions per cubic foot of 
stock-tank oil. 
** Cubic feet at standard conditions per cubic foot at reservoir 
conditions. 


DISSOLVED-GAS DRIVE 


Dissolved-gas-drive calculations were used to 
simulate the behavior of a laboratory model. This 
model consisted of a rectangular column packed 
with sand and mounted with the long dimension 
vertical. The dimensions of the model were 3/8 x 
1/2 x 72 in. It was packed with 1/2 Wausau sand 
to a porosity of 44.1 per cent and a total permeability 
of 13.0 darcies. Relative permeability data for the 
sand are presented in Fig. 3. These data were 
determined experimentally by the displacement 
technique of Johnson, et al.11 

The oil phase charged to the column was a light 
refined hydrocarbon (Bayol D) saturated with propane 
at a temperature of 75°F and a pressure of 36.64 
psig. The experiment was conducted at a constant 
temperature of 75°F; some of the properties of the 
equilibrium phases of Bayol D-propane mixtures at 
this temperature are given in Table 1 as a function 
of pressure. These properties are the oil formation 
volume factor and viscosity, and the gas expan- 
sibility, solubility and density. The gas viscosity 
was constant at 0.008 cp. The oil density varied 
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FIG. 7 — FREE-GAS PRODUCTION HISTORY, DIS- 


SOLVED-GAS DRIVE. 
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linearly from 47.5 lb/cu ft at a pressure of 0 psig 
to 45.0 lb/cu ft at a pressure of 40 psig. At the 
start of the experiment, the model was saturated 
with oil containing dissolved gas, there being no 
connate water present. Production of oil was initiated 
from the bottom of the column by reducing the back- 
pressure maintained at this point. The resulting 
cumulative production of stock-tank oil is shown in 
Fig. 4 as a function of elapsed time. 

A material balance applied to the experimental 
data indicated that the oil and gas in the column 
after the initiation of production were not in complete 
equilibrium. This lack of equilibrium probably was 
caused by supersaturation of the liquid phase. The 
average degree of supersaturation during the early 
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FIG. 8 - RELATIVE PERMEABILITY-SATURATION RE- 
LATION, GAS-CAP DRIVE. 
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FIG. 9 — VARIATION OF CROSS-SECTIONAL AREA, 
GAS-CAP RESERVOIR. 
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TABLE 2—PERTINENT RESERVOIR DATA —GAS-CAP DRIVE 
Original and Saturation Pressure (psig). . +» 2,700 


Volume of Effective Gas Cap (acre-ft) . . . 10,883 
Dia GG 5 o O 226 
Average Connate-Water Content of Oil Zone (per cent) . 28 
Average Connate- Water Content of Gas Zone (per cent). 25 


Original Gas-Cap Gas in Place (Mscf) . ... » » 13,969,000 


part of the experiment was estimated to be slightly 
in excess of 1 psi. Inconsistencies in the material 
balance on gas of about 4 per cent prevented esti- 
mation of the degree of supersaturation late in the 
experiment. 

In computing the behavior of this model, the rate 
of production of stock-tank oil at any time was 
derived from the data of Fig. 4. This rate schedule 
was entered into the calculations as the boundary 
condition at the production end of the model, and 
the resulting gas production and pressure behavior 
of the model was calculated by the previously de- 
scribed numerical technique, 

Both the results of calculation and experiment 
are shown in Figs. 5, 6 and 7. In all three figures, 
the abscissa is the cumulative quantity of oil 
produced. The ordinate in Fig. 5 is the pressure at 
the top of the column; in Fig. 6 it is the difference 
in the oil-phase potential (P + po g A z) measured 
at the top and bottom of the column, and in Fig. 7 
it is the cumulative quantity of free (undissolved) 
gas produced. In these figures, the solid curves 
represent the calculated data; the open: circles 
are data points which were experimentally measured. 

The computed pressure behavior at the top of the 
column (Fig. 5) agrees quite well with that observed 
experimentally, especially early in the experiment. 
Agreement was not as good late in the experiment 
when the pressure was declining very rapidly, making 
it experimentally difficult to measure accuratély 
the cumulative quantity of oil produced. Note, 
however, that the final cumulative oil recovery 
measured after the final blowdown to zero pressure 
agreed very well with the calculated ultimate 
recovery. 
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FIG. 10 — VARIATION OF TOTAL PRODUCTION RATE, 
GAS-CAP RESERVOIR. 

The difference in oil-phase potential measured 
between the top and bottom of the column (Fig. 6) 
was relatively small, 2.5 to 3.5 psig, and the 
pressure difference was of course smaller, 0.6 to 
1.6 psig. The experimental data exhibit appreciable 
scatter; but, even so, the average deviation of the 
experimental from the computed values is + 12 per 
Gent. 

The data of Fig. 7 indicate that the first free-gas 
production occurred when about 15 per cent of the 
original oil had been produced. Thereafter, the 
agreement of the experimental and computed data 
is reasonably good. In fact, the comparisons shown 
on Figs. 5, 6 and 7 indicate that the computed and 
experimental reservoir behavior agree within the 
probable error of the experiment. 


GAS-CAP DRIVE 


Kirby, et al,12 published a limited amount of 
production history for a gas-cap-drive reservoir in 
which there was no active water drive. Data for 
this reservoir are given in Table 2. Table 3 gives 
data on fluid properties as a function of pressure 
for the reservoir fluids. Relative permeability 
data for the reservoir are shown in Fig. 8. These 


TABLE 3 — PHYSICAL PROPERTIES OF FLUIDS FOR GAS-CAP-DRIVE SYSTEM, TEMPERATURE = 181°F 


0 0 1.000 0.8 
300 17.0 0.930 17.0 
600 31.3 0.888 34.0 
900 42.8 0.865 51.5 
1200 51.0 0.845 69.3 
1500 63.0 0.823 87.2 
1800 75.5 0.802 106.5 
2100 83.5 0.782 126.0 
2400 102.8 0.760 144.0 
2700 119.0 0.738 159.0 


Oil Gas Oil Gas 
Viscosity Viscosity Density Density 
(cp) (cp) (Ib/cu ft) (Ib/cu ft) 
0.816 0.0117 50.3 0.03 
0.664 0.0131 47.6 0.75 
0.576 0.0145 46.5 1.48 
0.515 0.0157 45.8 2.20 
0.470 0.0168 45.0 ALIS) 
0.435 0.0177 44.2 3573 
0.407 0.0185 43.5 4.52 
0.383 0.0194 42.7 Dene 
0.360 0.0201 42.0 Sys} 
0.338 0.0209 41.2 6.65 


* Cubic feet of gas at standard conditions per cubic foot of stock-tank oil. 


** Cubic feet at standard conditions per cubic foot at reservoir conditions. 
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FIG. 11 — GAS-CAP PRESSURE, GAS-CAP DRIVE. 


data were measured on cores taken from the field. 
Fig. 9 shows the variation of cross-sectional area 
with location in the reservoir, and Fig. 10 shows the 
oil-production schedule for the reservoir. 

All of these data were employed in the numerical 
computation of the reservoir behavior. Producing 
wells were distributed throughout the reservoir as 
indicated by the field map given in the reference 
paper. 

In Fig. 11 computed gas-cap pressures are compared 
to those observed in the field. The solid curve is 
computed, and the circles represent the field data. 
Agreement is quite good; the best curve through the 
experimental points would fall a little above the 
computed curve, with a maximum deviation of 15 psi. 

For the production rates used in this reservoir, 
oil-zone pressures differ only slightly from the 
gas-cap pressure. This is illustrated in Fig. 12, 
which shows shut-in bottom-hole pressures for a 
well 1,900 ft from the gas cap as a function of 
total cumulative production. As in Fig. 11, the 
solid curve represents the computed data, and the 
circles are the observed data. The data presented 
in Fig. 12 were not presented per se by Kirby, 
et al, but were taken from their original worksheets. 
Kirby, et al, chose to present an average pressure 
of all the wells in the field, rather than the pressures 
for a single well. Also, they adjusted the observed 
pressures at all wells to a common elevation by 
subtracting the quantity (po g A z)from the observed 
pressures. Here A z is the difference in elevation 
between the well being observed and the reference 
elevation. The computed pressures in this figure 
are a little higher (15 psi or less) than the computed 
gas-cap pressure at corresponding amounts of 
production. As for the gas-cap pressures, the com- 
puted pressure data are inreasonably good agreement 
with the observed data. 


CONCLUSIONS 


A numerical method of solving the partial differ- 
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FIG. 12 — OIL-ZONE PRESSURE 1,900-FT FROM GAS- 
CAP CONTACT. 


ential equations which describe the displacement 
of oil by gas has been presented. This method 
and the assumptions made in deriving it are described 
in the paper. 

Results presented in the paper lead to the follow- 
ing conclusions. 

1. Comparison of data computed by this method 
to the analytical solution for complete pressure 
maintenance demonstrates the convergence and 
accuracy of the numerical method. 

2. Comparison of computed results to data obtained 
from a laboratory model produced by dissolved-gas 
drive shows the applicability of the method to this 
mode of production. 

3. Finally, a comparison of predicted data with 
field data from a gas-cap-drive reservoir demonstrates 
its applicability to a field problem. 
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DISCUSSION 


J. C. MARTIN 
MEMBER AIME 


The authors have considered a very difficult 
problem and one in which many questions remain to 
be answered. The partial differential equations are 
very complex, and the finite-difference method of 
solution has not been established rigorously. It is 
known that finite-difference methods can fail to 
approximate the true solutions of partial differential 
equations. Thus, there is reason to doubt the validity 
of the method from a mathematical viewpoint. 

The results of reservoir analysis may lead to 
large capital investments and may be a prime factor 
in determining the amount of oil recovery. Thus, 
there is an economic incentive for the results of 
reservoir analysis to reflect the true nature of the 
reservoir. Misleading results -can be worse than no 
results at all if they lead to poor‘investments and 
the waste of important national resources. Thus, 
there is a considerable justification for being very 
critical of the validity of new methods of reservoir 
analysis. 

The method of analysis presented by the authors 
involves the solution by finite-difference approxi- 
mations of two simultaneous partial differential 
equations containing the fluid pressure and one of 
the fluid saturations as dependent variables, and 
distance and time as the independent variables. 
Since two dependent variables can vary with dis- 
tance and time, it seems reasonable to expect that 
the authors would present examples where the pres- 
sure and the saturations have considerable varia- 
tions with both time and distance. Also, one would 
expect that numerical results would be shown to 
approach the results obtained by analytical methods 
asthe increments in time and distance are reduced. 

In the example of complete pressure maintenance, 
the numerical results do not appear to converge to 
the analytical solution of the partial differential 
equations. The analytical solution is contained in 
the well known paper by Buckley and Leverett. It 
is maintained by some that the Buckley-Leverett 
solution is not the true analytical solution and that 


lReferences given at end of Discussion, 
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the multivalues given by Buckley and Leverett occur 
because they made a mathematical transformation 
which is not valid in the vicinity of the saturation 
discontinuity. Thus, there is some disagreement 
concerning the Buckley-Leverett solution. For this 
reason, it is discussed in the following paragraphs. 

The Buckley-Leverett solution can be obtained 
by well established mathematical methods of the 
type employed in Ref. 2. The partial differential 
equation for the gas saturation is 


2| a8 (Po Pg) as 
(V(t) F(Sg) G(S,)]=-o58 


where a =the dip angle, 
V(t) = a known function of time, 


F(S and 


G(Sg) = ko/k F(S,). 


Eq. 1 is a first-order partial differential equation 
of a type for which there is a well known method of 
obtaining solutions (see, for example, Chapter 4 of 
Ref. 3). The analytical solution of Eq. lis 


t V(t) 


a8(Po ) 
J 


+wW(S,) 
Lo 


(2) 
where W(S,) is the initial gas saturation. For the 
case considered by the authors where the initial 
gas saturation is zero, W(Sxg) is zero. That Eq. 2 
satisfies Eq. 1 can be verified by direct substitu- 
tion. Eq. 2 yields the same multivalue saturations 
profiles as obtained by Buckley-Leverett. Thus, 
the Buckley-Leverett solution is the true analytical 
solution, and it contains multivalued saturations. 
Furthermore, the analytical solution does not con- 
tain a discontinuity. 

In formulating the partial differential equation, it 
is assumed that the saturations are Continuous 
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functions of distance. The presence of a discontin- 
uity violates this assumption and across the dis- 
continuity the partial differential equation breaks 
down. If it is assumed that a discontinuity exists 
at a given point and a given time, continuity con- 
siderations yield the relation for the velocity of 
the discontinuity. Buckley-Leverett, followed by a 
number of investigators, have used the procedure 
of first determining the analytical solution and then 
eliminating the presence of multivalue saturations 
by employing discontinuities which satisfy condi- 
tions. 


The results presented in Fig. 2 do not approxi- 
mate the true analytical solution but appear to ap- 
proximate the combination of the analytical solution 
and the discontinuity which satisfies material 
balance. The authors should explain why thé re- 
sults do not approach the true analytical solution 
since the finite-difference relations are represented 
as being approximations to the partial differential 
equations. Furthermore, in the vicinity of the dis- 
continuity the numerical results are a very poor 
approximation to the combination of the analytical 
solution and the discontinuity. Thus, it is not clear 
that the finite-difference method would yield results 


that approach the solid line in Fig. 2 as the incre- 
ments in time and distance approach zero. 

The Buckley-Leverett flow considered by the 
authors is a very simple flow compared to what the 
partial differences can represent. There may be 
many discontinuities present in the porous media. 
They can arise within the body, and they can begin 
at the boundaries even after the flow has been in 
progress for some time. Since the authors have 
failed to present a completely satisfactory demon- 
Stration that their method yields the correct results 
for a very simple case, how can one be sure the 
method will be applicable in a very involved case 
which may arise in the analysis of a natural reser- 
voir? 
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AUTHORS’ REPLY TO J. C. MARTIN 


Many of Martin’s comments concern the example 
case of complete pressure maintenance. The ana- 
lytical statement of this problem was formulated by 
Buckley and Leverett! as a first-order quasilinear 
hyperbolic differential equation. This class of 
differential equation often arises in simplified 
theories which ignore mechanisms of dissipation 
such as viscous stresses, heat conduction, ohmic 
loss or, as in the present case, capillary pressure. 
It is the rule, rather than the exception, that the 
physically meaningful solutions of these problems 
develop singularities (discontinuities) after a finite 
time.2 Lax? notes that, while the classical solution 
of the differential equation cannot be continued 
after this time, it is possible to continue it in a 
generalized sense. This kind of generalization is 
dictated by the integral version of the conservation 
law. Lax refers to this generalized solution as a 
weak solution and gives a formal definition of it. It 
develops that these weak solutions are not deter- 
mined uniquely by their initial values. Therefore, 
an additional principle is needed for developing a 
relevant subclass. In this aspect, the problem is 
similar to the solution of a quadratic equation. A 
unique answer cannot be obtained from the equation 
alone; additional information is necessary to reject 
the extraneous root. 

With this background,-we are prepared to consider 
Martin’s comments. One of his objections is that, 
when the authors’ numerical procedure is applied to 
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the case of complete pressure maintenance, it does 
not approximate what he calls the “‘true analytical 
solution’’ of the differential equation. The solution 
to which he refers was given by Buckley and Leverett 
and contains multiple values of saturation at some 
locations in space. Obviously, this is not a physi- 
cally significant solution of the problem and so 
must be rejected. The generalized solution which 
does occur in nature is formed by replacing the region 
of multiple-valued saturations by a saturation dis- 
continuity so located that the resulting solution 
satisfies the law of conservation of mass. The 
authors selected the difference analogue of the 
differential equation with the objective of approxi- 
mating the solution having physical significance. 
The comparison of Fig. 2 gives a measure of the 
degree of achievement of this objective. Martin is 
critical of the accuracy of the approximation in the 
vicinity of the saturation discontinuity. He states, 
‘*. ,. It is not clear that the finite-difference method 
would yield results that approach the solid line in 
Fig. 2 as the increments in time and distance ap- 
proach zero’’. The authors take issue with this state- 
ment. For a perfect solution, the length of theregion 
of the reservoir containing saturations between zero 
and the frontal saturation should be zero. The data 
of Fig. 2 show that when a distance increment of 
1,000 ft was used in the numerical procedure, this 
region occupied 22 per cent of the reservoir (from 
7,000 to 9,200 ft). For a distance increment of 500 
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ft, it occupied 14 per cent; for a distance increment 
of 250 ft, it occupied 8 per cent. Thus, halving the 
size of the distance increment while holding At/Ax 
constant approximately doubles the slope of the 
saturation curve in the vicinity of the front. This 
experimental relationship of error to grid size is the 
same as predicted by an elemental truncation error 
analysis of the difference equations used. This 
analysis shows that the size of the error should be 
proportional to Ax. The authors feel that this evi- 
dence makes clear the convergence of the numerical 
method as the time and distance increments approach 
zero. 

Martin’s final criticism is that the testing of the 
procedure was not sufficient to verify its accuracy 
in ‘‘a very involved case which may arise in the 
analysis of a natural reservoir’. While the testing 
of an experimental method is never complete, the 
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validity of the present method has been demonstrated 
for a wide variety of conditions. To date, the authors 
have not encountered a case for which it fails. If 
evidence of such failure is obtained, the authors 
will welcome the information. 
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Effect of Vertical Fractures on Reservoir Behavior— 
Incompressible Fluid Case 


M. PRATS 
MEMBER AIME 


ABSTRACT 


The effect of a sand-filled vertical fracture of 
limited radial extent and finite capacity (fracture 
capacity is the product of the permeability and 
width of the fracture) on the flow behavior of a 
cylindrical reservoir producing an incompressible 
fluid through a centrally located well has been in- 
vestigated mathematically. The shape of the lines 
of equal pressure near the fracture is essentially 
independent of the size of the reservoir, provided 
that the field radius is of the order of the fracture 
length or larger. For reasonable values of produc- 
tion rates and of fluid, reservoir and fracture 
properties, the total pressure drop between the end 
of the fracture and the well is generally negligible 
compared with the pressure drop in the reservoir. 

With regard to production response, the effect of 
vertical fractures can be represented by the pro- 
duction response of an equivalent or effective well 
radius. For a high-capacity fracture, the effective 
well radius is a quarter of the total fracture length, 
decreasing with the fracture capacity. 

When invasion effects are simulated by decreas- 
ing the width of the damaged zone with distance 
from the well, the effect of formation damage around 
a fracture on the production response is not so 
serious as indicated by the literature. This sug- 
gests that frac fluids with a conventional filter-loss 
response are better than high-spurt-loss frac fluids, 
provided the effective permeability of the damaged 
zone is the same. 

INTRODUCTION 


This paper considers the effect of the fracture 
capacity, as well as the formation damage which 
can result from fracture treatments, on the produc- 
tive capacity of vertically fractured wells. Other 
publications, notably those of van Poollen, 1»? con- 
sider these same effects. 

In addition to providing more general results for 
vertical fractures than are available from the liter- 


Original manuscript received in Society of Petroleum Engi- 
neers office July 8, 1960. Revised manuscript received Nov. 
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ature, the present paper gives the equivalent well 
radius of fractures having different lengths and 
capacities and, also, includes pressure distribu- 
tions in and around the fractures. 

The effect of a damaged zone around a fracture 
on the production response was not found to be so 
great as that reported by van Poollen.? This differ- 
ence probably stems from the fact that we consider 
a damaged zone which is widest (but is still small) 
near the well and thins out toward the extremities 
of the fracture, whereas van Poollen considers a 
damaged zone having a uniform width for the entire 
fracture length. 

Simple, but adequate, equations which describe 
the effect of these variables on production response 
are presented (in Appendixes A and B). Thus, re- 
sults can easily be extended to values of the 
variables not specifically considered here. 


IDEALIZATION AND DESCRIP TION 
OF THE PRACTURED SYSTEM 


It is assumed that a horizontal oil-producing 
layer of constant thickness and of uniform porosity 
and permeability is bounded above and below by 
impermeable strata. The liquid is incompressible. 
It is assumed that, after the well is fractured, the 
cylindrical outer ‘‘boundary’’ is at a uniform po- 
tential, provided that it is not too near the fracture. 
The fracture system is represented by a single, 
plane, vertical fracture of limited radial extent, 
bounded by the impermeable matrix above and below 
the producing layer (reservoir).° 

Fig. 1 indicates the general three- dimensional 
geometry of the fractured reservoir described above, 
If gravity effects are neglected, the flow behavior 
in the reservoir will be independent of the vertical 
position in the oil sand. This means that the flow 
behavior in the fractured reservoir can be described 
by the two-dimensional flow behavior shown in the 
horizontal cross section of the reservoir, Fig. 2. 


PARAMETERS 
The effect of a fracture on the pressure distribu- 
tion in the fracture itself and in an otherwise un- 


damaged (no skin) reservoir indicates that the pres- 
sure distribution is a function of three parameters. 
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FIG. 1—SCHEMATIC DIAGRAM OF FRACTURED SYS- 
TEM. 

The first of these can be described as the ratio of 
the ability of the formation to carry fluids into the 
fracture to the ability of the fracture to carry fluids 
into the well, and it is defined by 

a= 

m (formation permeability, k) (fracture length, 2L) ; 


4 (fracture permeability, ks) (fracture width, w) 


or 

4kpw 

The last two parameters describe only the geom- 

etry of the system, that is, the size of the wellbore 

and drainage radius relative to the extent of the 

fracture from the well axis (L). These parameters 
are denoted by ryp and rep.* 


Thus, for a given geometry, the effectiveness of 
the fracture is described by the relative capacity 
parameter a. For a very effective fracture — one 
having a great ability to carry fluids to the well — 
the relative capacity parameter is very small and 
approaches the limiting value of zero for infinite 
fracture permeability. Likewise, for a very ineffec- 
tive fracture—one having a low capacity—the param- 
eter a is relatively large, approaching infinity for 
the limiting case of no fracture. 

Practical values of the parameter a appear to be 
less than 0.1 when the fracture permeability is the 
same as that of the sand used in the treatment. It 
is known, however, that fine particles from the res- 
ervoir, and in some cases other suspended solids 
in the fracturing fluid, will mix with the fracturing 
sand and will greatly reduce its permeability. In 
these cases, the values of the capacity parameter a 
could be much larger than 0.1. 

When the formation is damaged as a result of 
fracture treatment, the permeability damage and the 
depth of the damaged zone (relative to the fracture 
length) are added parameters. In this case, well 
effects and pressure drops in the fracture have been 
neglected to simplify the presentation of results. 


*All dimensionless distances are in terms of L, half the 
fracture length, For example, rep = fe/L. 
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RESULTS AND DISCUSSION 


For formations with no skin, this study provides 
two types of information — one, such as the pressure 
distribution in and near the fracture, gives a general 
picture and understanding of the action of the frac- 
ture on the pressures behavior in the formation, and 
the other describes quantitatively the action of the 
fracture on such items as the magnitude of the pres- 
sure drop in the fracture and improvement in pro- 
duction rate. 

For formations damaged as a result of the frac- 
ture, production rates are compared to those which 
would have been obtained without damage. These 
results will be treated separately at the end of this 
section. 


PRESSURE DISTRIBUTION IN 
AND NEAR THE FRACTURE 

The dimensionless pressure drop between the 
end of the fracture and any point in the fracture is 
essentially independent of the size of the reservoir, 
i.e., of the length parameter rep. However, this 
pressure drop is strongly dependent on the value of 
the relative capacity parameter a. 

Fig. 3 shows the variation of this dimensionless 
pressure drop in the fracture with the dimensionless 
distance from the well. This dimensionless pres- 
sure drop is given by 
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FIG. 3 — PRESSURE-DROP DISTRIBUTION IN FRAC- 
TURE. 
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In Eq. 2, py — px is the pressure drop between 
the end of the fracture at x = L, in the co-ordinate 
system of Fig. 2, and any point in the fracture a 
distance x from the well axis. 

The curves presented in Fig. 3 indicate that as 
the fracture becomes less important (increasing a), 
the dimensionless-pressure-drop distribution in the 
fracture approaches that corresponding to strictly 
radial flow into a well of zero radius.* On the other 
hand, as the ability of the fracture to carry fluids 
increases (decreasing a), the pressure variation in 
the fracture becomes smaller, as indicated by the 
small values of AP; ,. Thus, the pressure drop in 
the fracture is negligible unless the fracturing sand 
is contaminated with fine particles from the forma- 
tion, either during the course of the fracture treat- 
ment or after the well is put on production. 

It is interesting to note from Fig. 3 that, in general, 
the pressure gradients in the fracture at the well 
are finite even though the well has a zero radius. 
The only exception is for the limiting case of no 
fracture given by the curve for infinite a, for which 
case the pressure behaves as In 7 near the well. 
Thus, for a given production rate, the effect of the 
fractures is to reduce the pressure gradients near a 
well. 

Pressure distributions in the reservoir were de- 
termined for a few values of the capacity parameter 
aand for a value of the length parameter rep = 2.40. 
Values given at the outer boundary are numerically 
equal to APg.,, which is discussed in the next sec- 
tion. These pressure distributions in the reservoir 
were obtained in a few hours by using relaxation 
methods,® except for values of a equal to zero and 
infinity, for which cases the shapes of the equi- 
pressure lines were known. 

Figs. 5, 6 and 7 show the pressure distribution 
in the reservoir for a =0.1, 1.0 and 10, respectively. 
The pressure distribution for the case of no pres- 
sure drop in the fracture (a = 0) is given by con- 
focal ellipses, as shown in Fig. 4. For infinite a, 
the fracture is of no influence, and the equipressure 
lines are circles concentric with the well axis (Fig. 
8). To give the pressure distribution for infinite a 
in a manner which could be compared with the curves 
in Figs. 4 through 7, that is, for rep = 2.40, the 
the equipressure lines in Fig. 8 were determined 
for a fictitious fracture length of 416 ft in a reser- 
voir of 500-ft radius drained by a well of 1/4- ft 
radius. In Figs. 4 through 7, the value of the equi- 
pressure lines represents the dimensionless pres- 
sure drop between the equipressure lines and the 


*The results of Fig. 3 indicate that the pressure distribution 
for a > 100 is very nearly the same as that for radial flow. When- 
ever the permeability of the fracture is the same as that of the 
reservoir, the fracture is trivial because it is not effective. 
This means that the pressure distribution for such an ineffectual 
fracture must be that associated with values of a > 100. How- 
ever, for such fractures, the parameter a4 is given by a=7L/2w, 
so that the method used in this study to obtain the pressure 
distribution appears to be limited to cases where the length/ 
width ratio of the fracture is larger than 130. This is not con 
sidered to be a practical limitation. 
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well of zero radius. In Fig. 8, the value of the equi- 
pressure lines represents the dimensionless pres- 
sure drop between the equipressure lines and the 
well of 1/4-ft radius. 
SPECIFIC PRODUCTIVITY INDEX 

It has been found that the pressure drop between 
the outer boundary and a well of radius r,, can be 
be represented as the difference of the total pres- 
sure drop to a well of zero radius, with a correction 
term added to represent the pressure drop between 
the well of radius 7, and one of zero radius. 


INE (4,7eDsTwp) = (4,Tep) 
APY 


Here, AP, 4, the dimensionless pressure drop 
between the outer boundary and a well of zero radius, 
is a function of a and rep only; and AP, ,, the 
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dimensionless pressure drop between a well of 
radius 7, and a well of zero radius, is a function of 
a and typ only. We note that the main contribution 
to the two terms in the right-hand side of Eq. 3 is 
in APe,o, which is plotted in Fig. 9. It should be 
noted that AP, , is also the reciprocal of the spe- 
cific productivity index SPI defined by 


kW be Po) 


The term APy, 9 plotted in Fig. 10 is only a cor- 
rection term which takes into account the effect of 
the well radius. 

For values of r,p larger than two, the curves of 
AP eo given in Fig. 9 can be represented very well 
by 
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where r,,p(a) =7,,/L is only a function of a. Values 
of the effective well radius ryp(a) are given in 
Fig. 11, showing that for fractures of infinite ca- 
pacity, the effective well radius is always equal 
to a quarter of the fracture length, (2L)/4. Smaller 
values of the effective well radius correspond to 
less effective fractures. 

The well pressure used in the correction term 
APy,o given in Eq. 3 is approximated by the arith- 
metic average of the pressure along the fracture 
and the pressure along the normal to the fracture, 
with both these pressures being evaluated at a 
distance r from the center of the fracture. Fig. 10 
shows the correction term AP, 4 obtained as de- 
scribed. We note that the correction term is unim- 
portant for reasonably effective fractures (a < 1). 
Figs. 6, 7 and 8 indicate that averaging the well 
pressure in the manner described is quite adequate 
for 21, 


MAGNITUDE OF THE PRESSURE 
DROP IN THE FRACTURE 


It is common practice now to consider that the 
pressure drop in the fracture is small compared to 
the pressure drop in the field. In fact, it is generally 
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assumed that there is no pressure drop in the frac- 
ture.4,5 It is desirable to determine the conditions 
of fracture effectiveness and length that will permit 
neglecting the pressure drop in the fracture (say, 
less than 10 per cent of the pressure drop in the 
field), A plot of the ratio of pressure drop in the 
fracture to that in the field is given in Fig. 12 for 
for a well of zero radius, Consideration of the small 
correction terms for the well radius would only com- 
plicate the presentation of the results without 
changing their character. The ratio of the pressure 
drops plotted in Fig. 12 as a function of a and rep 
has been obtained from the results presented in 
Figs. 3 and 9. The results presented in Fig. 12 
show that the pressure drop in the fracture is 
negligible (less than 10 per cent of the pressure 
drop in the field) for values of a <_0.1 and for 
fracture lengths smaller than the field radius. 
Since most of today’s fractures probably satisfy 
these conditions, it appears that pressure drops in 
clean fractures can be considered negligible in most 
present cases. 

However, the curves in Fig. 12 show that the 
ratio of the pressure drops is strongly dependent on 
the values of a and rep. Thus, for values of a =0.5 
and fractures as short as 1/40 of the field radius, 
the pressure drop in the fracture is between 10 and 
30 per cent of the pressure drop in the field. This 
means, of course, that the pressure drop in fractures 
can become an appreciable fraction of the pressure 
drop in the field if the propping agent becomes con- 
taminated with fine particles. Also, the present 
trend in using larger volumes of fracture treatment 
(as well as increasing the sand content) will probably 
result in larger values of a and smaller values of 
Tep-. It follows that appreciable pressure drops in 
the fracture may become more frequent in the future, 
even when the propping agent remains clean. 


IMPROVEMENT IN PRODUCTION RATE 
The improvement in production rate q/q is given 
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As an example, the improvement in production rate 
is determined below for a well of 1/4-ft radius in 
the middle of a 200-ft fracture of infinite capacity 
(a =0) and ‘‘draining’’ from a radius of 500 ft. Us- 
ing the results of Figs.9 and 10 in Eq. 5, we obtain 


1 In 2000 
q 0.365 (from Fig. 9) — 0(from Fig. 10) 
Whenever the effect of the well radius is small, the 
improvement in production rate can be obtained 
most simply by using the effective well radius of 
the fracture in the formula 
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For the conditions described above (a = 0), 
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as was also obtained by the more general method 
given by Eq. 5. 

This means that the maximum increase in pro- 
duction rate per unit pressure drop for such condi- 
tions cannot be expected to be more than 3.3 times 
the rate obtained before fracturing, assuming that 
the well is not damaged before the fracture treat- 
ment. 

Increases in the production rate (SPI) can gener- 
ally be associated with increases in the effective 
radius of the well, as can also be obtained, say, by 
acid treatments. Whenever the formation is homog- 
eneous and is not fractured during the acid treat- 
ment, the acid enters the formation radially, enlarging 
the well radius equally in all directions to a new 
effective well radius of value ry. The example 
given above suggests that, if a well is stimulated 
by acidizing the formation, the acid treatment must 
result in an effective radius of 50 ft before the 
improvement of production rate per unit pressure 
drop can match the improvement due to a single 
fracture of infinite capacity having a total length of 
200 ft. 

A similar interpretation can be placed on the 
other values of effective well radius associated 
with the values of the parameter a given in Fig. 9. 
These values of rj,p indicate that, for large values 
of a, acidizing shows more promise than fracturing 
and that, for relatively small values of a, long frac- 
tures show more promise than acid treatment. For 
intermediate values of a, the relative merits of the 
two methods, according to tie interpretation given, 
will largely depend on the size of the fracture and 
of the acid treatment. 

Still another interpretation can be given to the 
effective well radius. It is interesting to note that, 
for a hypothetical case of an actual well radius of 
100 ft (corresponding to a large number of distinct 
finite vertical fractures, each 200 ft in length, cen- 
tered at the well axis), the maximum improvement 
in productivity index is 4.7 times the productivity 
index given by a well of 1/4-ft radius draining a 
field of 500-ft radius. Since the improvement due to 
a single fracture for the same conditions has been 
shown to be 3.3, this factor of 4.7 indicates that, 
after one long fracture is created, the additional 
gain by multiple radial fractures (assuming that it 
is possible to form such a system of fractures) will 
be small. This, in turn, suggests that one long frac- 
ture may be preferred to several shorter ones. 


MAXIMUM PRODUCTION RATE FOR 
A GIVEN FRACTURE VOLUME 


For a given fracture volume, an increase in the 
width results in a shorter fracture. These changes 
have opposite effects on the production rate, as 
can be determined from Fig. 9. This raises the 
question of which parameter values result in a max- 
imum rate of production for a given fracture volume. 

This question can be answered by finding the 
value of a at which q at constant fracture volume 
(constant arZp) has a maximum. The result is that, 
for a fracture of any volume and a production well 
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of zero radius, the maximum production rate is ob- 
tained when a is about 1.25. Thus, from the defini- 
tion of a, the optimum length- width ratio of any 
fracture is 


k 


Ww 


Thus, for a fracture volume of 6.4 cu ft/ft of net 
pay, when ky = 100 darcies and k = 0.01 darcy, 
the optimum dimensions for this fracture volume 
are w = 0.02 and 2L = 320 ft. Less reasonable 
values of w and 2L could be obtained with different 
(and yet practical) values of k and k,. 

If we could learn how to control the average 
separation between fracture faces, fracture treat- 
ments could be planned to give optimum results 
not only on the basis of fracture area alone, but 
also upon consideration of the length-width ratio 
of the fracture. These results are valid only in the 
area below and to the left of the line labeled rep = 
2 in Fig. 13. Dashed curves have been extrapolated 
from rep = 2 to rep = 1,* but this portion of the 
curves cannot be used with confidence. 


EFFECT OF SKIN ON PRODUCTION RATE 

Results presented thus far consider no damage 
to the formation during the fracturing operations. 
This section will consider the possible loss of 
potential production due to a damaged zone around 
the fracture in a region of relatively low permea- 
bility, resulting, say, from the plugging of the 
formation by certain fluid-loss additives which may 
be used in fracturing treatments. 7 

To obtain an idea of the degree of impairment in 
production rate due to such a damaged zone, we 
consider only the case in which the fracture capac- 
ity is infinite (4 = 0). Physically, the decrease in 
production rate with the damage depends on the 
flow resistance of the skin compared with that of 
the formation. It must be noted that the flow resist- 
ance depends on the flow pattern. In an unfractured 
well, this flow resistance is largest nearest the 
well because the fluids converge radially into the 
well over its relatively small surface area. Any 
damage to this zone of high resistance may thus 
result in drastic reductions in production rate. In 
a fractured well, the flow is distributed over the 
large surface area of the fracture, resulting in al- 
most linear flow in the formation near the fracture 
and, consequently, a small flow resistance. In the 
latter case, damage to the formation near the frac- 
ture may not change the total flow resistance appre- 
ciably and, thus, could not be expected to reduce 
the production rate significantly. Details of the 
solution of this problem are found in Appendix B. 
A horizontal cross section of the reservoir-fracture- 
skin system is shown in Fig. 14. 

The ratio of production rate after damage to un- 
damaged production rate is 


*For fep= |, the fracture extends to the (pre-fracture) drain- 
age radius of the field, 
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as developed in Appendix B. 

Figs. 15 and 16 show the calculated ratio of 
production rate after damage to undamaged produc- 
tion rate for fracture lengths of 200 and 40 ft, 
respectively, in a reservoir of 500-ft radius. A 
permeability reduction of 99 per cent in a damaged 
zone of l-in. average depth results in a reduction 
of only 4 and 13 per cent for the 200- and 40-ft 
fractures, respectively. Within this range of fracture 
length, permeability reduction and depth of damaged 
zone, the effect of the skin on the production rate 
is relatively unimportant. However, for a similar 
damaged zone, a reduction in permeability of 99.9 
per cent results in a reduction in production rate of 
32 and 58 per cent for the 200- and 40-ft fractures, 
respectively. 

Fig. 15 also gives one of the data points of Ref. 
2, which shows more production impairment than 
our results show. This difference is believed to 
result from the assumed shape of the damaged zone. 
In this paper, the skin is widest at the well and 
thins out toward the ends of the fracture. This 
simulates the damaged zone due to filtrate invasion 
which could be obtained with frac fluids having 
conventional filter-loss response (that is, the loss 
is proportional to the square root of the time). In 
Ref. 2, the width of the skin is taken to be constant 
over the extent of the fracture. This simulates the 
damaged zone due to filtrate invasion which could 
be obtained with frac fluids having an initial spurt 
loss and a small subsequent loss. In this latter 
case, the depth of the damaged zone and the degree 
of damage would be approximately uniform over the 
surface area of the fracture. On the basis of pro- 
ductivity impairment, the use of the frac fluid hav- 
ing a conventional filter-loss response is indicated. 
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Results of a similar nature were also determined 
for unfractured wells surrounded by a damaged zone. 
Fig. 17 shows the calculated ratio of production 
rate after damage to undamaged production rate for 
an oil sand which has been in contact with fractur- 
ing fluids but which has not been fractured. 
Muskat’s 8 equation (7.3.11) was re-arranged as 
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to obtain these results. For the case of a well of 
3-in. radius having a damaged zone 2-in. deep, a 
permeability reduction of only 90 per cent reduces 
the production rate by 37 per cent. Thus, we can 
conclude that the production rate from any sand 
section which fails to fracture will be reduced 
severely, especially if the sand section is separated 
from the fractured sections by shale breaks. This 
loss in potential production may be obscured by 
the increased productivity of the fractured sections. 


CONCLUSIONS 


Some general conclusions drawn or suggested by 
the results of this study are briefly discussed here. 
It must be kept in mind that these conclusions are 
valid only within the limitations of the idealizations 
used in this investigation. However, they serve at 
least as valuable guides in other situations. 

A high-capacity vertical fracture has an effective 
well radius of one-fourth the fracture length. This 
equivalence can be used to advantage to show that 
the production rate resulting from a 200-ft, high- 
capacity fracture in a field of 500-ft radius drained 
by a well of 1/4-ft radius is 3.3 times the produc- 
tion rate before fracturing. Changing either the well 
or field radius or the fracture length by a factor of 
two results in production rates from 2.5 to 4.7 times 
the rate before fracturing. The order of magnitude 
of this improvement in production rate is believed 
to correspond to that obtained at semi-steady state 
in depletion-type reservoirs. The equivalent well 
radius for fractures of lower capacity is given in 
the paper. 

The improvement in production rate due to a high- 
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Capacity fracture is equal to the improvement in 
production rate due to an acid treatment which re- 
sults in an effective well radius of one-fourth the 
fracture length. This suggests that fracturing is to 
be preferred to acidizing if the formation of long 
fractures appears probable. This conclusion is 
based on the premise that acid is injected radially 
into a homogeneous formation (no natural fractures 
exist) and that the formation is not fractured during 
the acid treatment. 

The pressure drop in the fracture is small (less 
than 10 per cent of the pressure drop in the field) in 
most present cases, that is, for aX 0.1 and fracture 
lengths less than the field radius. However, pres- 
sure drops in the fracture of the order of 25 percent 
(and more) of the pressure drop in the field may be 
expected for values of a@ = 0.5. Such values of a 
may be realized if fine particles mix with the prop- 
ping agent or possibly if the present trend in using 
larger volumes of fracture treatment and sand con- 
tent continues. 

Extensive damage to the formation around a frac- 
ture (99 per cent permeability reduction for a depth 
of 1 in.) may not necessarily result in appreciably 
poorer production rate response (up to 13 per cent 
for 7¢/L = 5). When the depth of the damaged zone 
is proportional to the filtrate invasion, the de- 
crease in production rate resulting from a frac 
fluid with a conventional filter-loss response ap- 
pears to be less than that resulting from a high-spurt- 


loss frac fluid. However, the production rate from any 
producing section which fails to fracture may be 
reduced appreciably (25 per cent for a 90-per-cent 
permeability reduction for a depth of 1 in. around a 
3-in. well radius). Thus, in fracturing a long pro- 
ducing section, loss in potential production due to 
damaged zones in sections which fail to fracture 
may be obscured by the increased productivity of 
the fractured sections. 


NOMENCLATURE 
(7/4) (2Lk/wk ), dimensionless 


net formation thickness, cm 


It 


= effective formation permeability to oil, 
darcy 


L =half the fracture length, ft 
ln = logarithm to the base e 
p =pressure, atm 

q = production rate, cc/sec 

r = distance from well axis, ft 
w = effective well radius of a fracture, ft 
SPI = qu/khAp, dimensionless specific produc- 

tivity index 

Vy = volume of the fracture, cu ft 

Vp =bulk volume of the formation, cu ft 

w = average width of the fracture, ft 

wWq = average depth of the damaged zone, ft 

x = distance from well, ft 
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FIG. 17 —LOSS IN PRODUCTION DUE TO DAMAGE AROUND A WELLBORE. 
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AP;,; =kb(p; — )/qpu, dimensionless 
Ap = pressure drop between outer boundary and 
well, atm 


Db; — ~;=pressure drop between two points sym- 
bolized by i and j, atm 


pf = viscosity of produced fluid, cp 


SUBSCRIPTS 
D =dimensionless, all distances are referred 
to L, one-half the fracture length 


d = damaged 

e = external boundary 
f = fracture 

L =end of fracture 

O = well axis 

w = wellbore 

x 


= distance along fracture 
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APPENDIX A 


METHOD OF SOLUTION USED TO OBTAIN 
THE PRESSURE DISTRIBUTION IN A 
VERTICALLY FRACTURED SYSTEM 


As a consequence of the assumptions made in 
the text with regard to the fluids and the formation, 
the pressure obeys Laplace’s equation both in the 
fracture and in the reservoir. The detailed mathe- 
matical procedures used in solving Laplace’s equa- 
tion to obtain the pressure distribution in the for- 
mation and in the fracture are given herein, but it 
seems desirable to indicate first two pertinent 
points about the method of solution. 

One of these points is that the circular outer 
boundary is replaced by an ellipse having an almost 
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circular shape. The ratio of axes of the ellipses 
chosen depends on the fracture length but is in all 
cases greater than 0.88. It was actually shown 
that, for rep > 2, the use of the slightly elliptical 
boundary has a negligible effect on the value and 
shape of the interior equipressure lines given in 
Figs. 4 through 7. 

The second point is that the reservoir is divided 
into two regions of different permeability, Regions 
I and II, as shown in Fig. 18. Region I represents 
the fracture of permeability ky, and Region II repre- 
sents the formation of permeability k. 

Initially, Region I is represented by the interior 
of an ellipse with foci at x = +L. The circular 
outer boundary of radius re is replaced by an almost 
circular ellipse of equivalent radius, also having 
foci at x = +L. Region II, between the outer bound- 
ary and the inner ellipse, represents the formation 
proper. The pressure distribution in these two 
regions is then obtained by making use of conformal- 
mapping transformations and Fourier series. In the 
final stage of the method of solution, the minor 
axis of the inner ellipse is reduced to zero in such 
a way that the average width of the ellipse times 
its permeability corresponds to the fracture capac- 
ity. The inner ellipse of zero minor axis degenerates 
to the straight line with ends at x = +L and, thus, 
represents the fracture shown in Fig. 2. This is 
the method used to obtain the pressure distribution 
for the fractured system shown in Fig. 2. A some- 
what more detailed description follows. 

The pressure in Regions I and II obeys Laplace’s 
equation: 

V7, =O in Region! , (A-1) 
V*b5 =0 in Region II , (A-2) 


with refraction conditions 


ASSUMED SLIGHTLY ACTUAL OUTER 
ELLIPTICAL OUTER a BOUNDARY 


BOUNDARY 
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FIG, 18—-AUXILIARY MODEL OF RESERVOIR SYSTEM. 
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on the boundary of inner ellipse, where derivatives 


are taken normal to this boundary, and boundary 
conditions 


dy 


D2 =C, (a constant) on the outer boundary, and g/h 
is the production rate per unit thickness at the well 
located at x =0, y =0. 

It is difficult to apply these conditions in a 
Cartesian co-ordinate system on elliptical curves; 
thus, the transformation z = x + jy =L cosh €=L 
cosh (€ + jn) is used to map the two regions in the 
first quadrant of the reservoir shown in Fig. 18 into 
the rectangles shown in Fig. 19, 

The pressure in the rectangular Regions I and II 
of Fig. 19 still obeys Laplace’s equation and the 
refraction conditions at the common boundary be- 
tween the two regions, represented now by & = &4. 
The boundary conditions become 


Op1 _ 7 
= 0 on (A-6) 
an 2 
and 
0g 
because of symmetry, and 
L 


q/h is the production rate per unit thickness at the 
well located at €=0, 7 = 77/2. 

To decrease the likelihood of obtaining a slowly 
convergent series for the pressure distribution ow- 
ing to the singular behavior of the production well 
(point sink) at D (€=0, 7 = 7/2) in Fig. 19, it was 
considered desirable to define reduced pressures 
by subtracting a solution having the same singular 
behavior at D and satisfying the boundary condi- 
tions but not the refraction conditions. Thus, the 


=0 
a7 a7 
21D 
ap REGION REGION 
0g 
L 
on 


FIG. 19 RESERVOIR MAPPED IN 7 PLANE. 
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reduced pressures are 


$1 = ky py (En) - 


where p, (&,7), the pressure distribution having the 
desired singular behavior at D and satisfying the 
boundary conditions, is given by 


(A-9) 
(A-10) 


K 
ps (&,n) = Re In dn 
e 


m ) 


where q, is the production rate in reduced units 
(49 = qu/2mh), and dn is one of the Jacobian elliptic 
functions of parameter m. The parameter m is chosen 
such that 


K(m) 
where and K(m), related by —m) = K(m), 


(A-12) 


are the complete elliptic integrals of the first kind. 
Properties of these functions can be found in any 
standard text on the subject, and the method for 
obtaining this solution is given in Ref. 9. 

The boundary condition at € = &, requires that 


Co =P, = In (1 —m); 


but, although p, (&,7) satisfies all the boundary con- 
ditions of p, and pg, it does not satisfy the refraction 
conditions. Therefore, the boundary and refraction 
conditions for the reduced pressures are 


_ 962 _ on n=0,n=—: (A- 13) 


= (0 on €=0 (A-14) 
bo a0) on €= ce (A-15) 


= (ky —k) (De 


on €&€=&,. (A-16) 


The use of Fourier series is particularly well 
suited to obtain the reduced pressure distributions 
and These are given by 


$1 (&n) = S A, cos 2nn cosh 2n€ , . (A-17) 
n= 


$2 (&n) = By cos 2nn sinh 2n(€e-4 
(A-18) 
where these expressions satisfy all conditions 
except the refraction conditions. By making use of 
the refraction conditions given by Eq. A-16, it is 
possible to determine the constants A, and B,, so 
that 


= —k) +4 In( + 


co 
k = 


K,,(0) cos 2nn cosh 2n€ 
=1 [k +k, tanh 2n(&€,— tanh 2n€,] cosh 


(A-19) 


and 
bo (En) = (ky 
oo K,,(0)cos 2nn sinh 2n(€,- tanh 
1 tanh cosh 2n &—€ 1) 


. (A-20) 
with 
n n n 1 (~q,)” it 
. (A-21) 


and where q; = e = is very small. 
From Eqs. A-9 and A-10, the pressure in the 
fracture (p;) and in the formation (p94) are given by 


py (€n) 
ky 


—In(l-—m) + 


oe K,,(0) cos 2nn cosh 2n€ 
[ [k+k, tanh tanh 2n & | cosh 2n 
and 
1 p (7) k 


K,,(0) cos 2nn sinh 2n (€,-) tanh 2n€é, 
n=1 [k+k, tanh 27 €-&) tanh 2n& |cosh 2n 


(A-23) 


These solutions given for the pressures in the 
formation and in the fracture are valid for any frac- 
ture of elliptical shape as shown in Fig. 18. In 
practice, however, the fracture is narrow and long 
and has a high permeability. For these conditions, 
the reservoir pressure p(&7) is given by 


p (7) = Limit (fn: Rp) (A-24) 
30 
ky > oo 
2LE = Ca’ 
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k 
24 ncos sinh 2n (& €) K.(0) 
(A-25) 
where 


Cite. 


and Ca’ is the permeability of the fracture times its 
maximum width, the minor axis of the ellipse. 

In a similar manner, the pressure in the narrow 
fracture can be found to be 


pn) +4 In (1 —m) + 


n= 


cos 2nn 
a+ 2n tanh 


K, ©] (A-27) 


Although the fracture capacity Ca’has been defined 
above in terms of the maximum width of the fracture, 
it may be more reasonable to define a new fracture 
capacity Ca in terms of the average fracture width 
w. Since the average width of such a fracture is 
7/4 times its maximum width, it follows that the 
average capacity of the fracture Ca is given by 


and 
.(A-29) 


Eqs. A-25, A-27 and A-29 were used for evaluat- 
ing the results discussed in the text. 


APPENDIX B 
EFFECT OF A SKIN ON PRODUCTION RATE 


Use is made of the methods discussed in Appendix 
A to investigate the effect of a skin on the produc- 
tion rate. For the case of infinite fracture capacity 
(a =0), the entire fracture is at a uniform pressure 
equal to the well pressure. We shall call this frac- 
ture pressure fy. The damaged zone around the 
fracture shown in Fig. 14 and the rest of the reser- 
voir can be transformed into rectangular sections 


DAMAGED ZONE 
7 
FORMATION 
Pn = 30) / 
/ 
FRACTURE Kg k 
P=Pe 
Py =0 te 


FIG, 20 —DAMAGED, FRACTURED RESERVOIR IN 
TRANSFORMED PLANE. 
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as shown in Fig. 20. 


We note from Fig. 20 that the pressure distribution 
in € should be the same for all values of n; that is, 
the pressure distribution is only a function of & 
This is because the pressure obeys Laplace’s equa- 
tion in both the &7 plane and in the x, y plane; 
therefore, the pressure distribution in the skin of 
permeability is 


Pa=b+ce, 


and the pressure distribution in the reservoir is 


pad +4 


The constants b, c, d and e appearing in these 
equations are to be determined from the boundary 
conditions 


Pa=pbyat & = 0 (the fracture), 
p =Pe at €=E&,(the outer boundary of the field), 
and the refraction conditions 


Pad =P 


k on &= & (the boundary between 
dé dé the skin and the forma- 
tion). 
The quantity €, is related to the average depth 
of the skin by 


where 2L is the total length of the fracture. The 
quantity &, is related to the average field radius r 


by 


e 
2r 
€ = In ame 


The application of the boundary, refraction and Darcy 
equations leads to a production rate after damage 
given by 


(De — bf) 
k l 4wg 
hg aL 


Before the formation is damaged, ky = k, and the 
production rate is 


2nkh (Pe bf) 


q = 


Thus, the ratio of damaged to undamaged production 
rate is given by 


_ 1 
ka 
1 + 5 


DISCUSSION 


F. E. CAMPION 
MEMBER AIME 


The results of Prats’ analysis of flow behavior 
in vertical fractures are enlightening, particularly 
in regard to the effects of formation damage. The 
conclusions he has reached concerning the effects 
of damage to fractured wells appear valid within 
the framework of the assumptions set forth; however, 
further comments seem appropriate regarding the 
projection of these results to a physical prototype. 

The author has demonstrated resourcefulness in 
the treatment and handling of this problem, but we 
feel that the conditions assumed for evaluation of 
fracture damage are optimistic. There are a number 
of conditions that could render his results less 
favorable. For this reason, a direct extrapolation 
of his conclusions to a practical field situation 
may be difficult if the situation does not comply 
with the assumptions prescribed for the mathematical 
model. Frac fluids that damage formation permea- 
bility may not necessarily reduce production-rate 
response, but it is not difficult to envision a situa- 
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tion where they could. 

It appears from this study that the shape of the 
damaged zone surrounding the fracture is a critical 
factor in determining the fluid-flow behavior in the 
system and that much depends on the fluid-loss 
characteristics of the fracturing fluid. Since high 
spurt loss is not uncommon for frac fluids, less 
favorable production-rate response than that cited 
in the paper may occur as a result of the more uni- 
form distribution of damage along the fracture length. 

Considerations other than fluid-loss character- 
istics are also important in determining the suita- 
bility of fracturing fluids. The depth of formation 
damage may also be significant. Although depth of 
damage is limited, in many instances to 1 or 2 in., 
this is not consistent for all frac fluids. We have 
found wide variations in the depth as well as degree 
of damage and feel that assignment of representa- 
tive values for either of these factors is restrictive. 

The assumption of infinite fracture capacity 


= . 
L 
T 
Wd = 4 Loa 


employed in the study may also limit the scope of 
the results. van Poollen! has shown that the effects 
of formation damage are compounded by reduced 
fracture capacity. Our experience shows that frac 
fluids which damage formation permeability may 
also reduce permeability of propping agents in the 
fracture. Although it has become common practice 
to neglect pressure drop in the fracture, this as- 


lyvan Poollen, H. K.: ‘*Productivity versus Permeability 
Damage in Hydraulically Produced Fractures’’, Drill. and Prod. 
Prac., API (1957) 103. 


sumption is not wholly justified and conclusions 
based upon it tend to be optimistic. 

Laboratory measurements of permeability damage 
by fracturing fluids can do much to aid in the selec- 
tion of suitable frac fluids. Although these meas- 
urements may not be useful in a strict quantitative 
sense, they can serve as a basis for comparison of 
fracture fluids. Through such tests, the use of 
fluids which do extensive damage can be avoided 
and the risk of losing significant quantities of oil 
over a period of years can be minimized. 


AUTHORS’ REPLY CAMPION 


Although the conditions assumed in the report 
for evaluating fracture damage may be optimistic 
in some cases, it is clear that the conditions 
assumed in the other published works on this 
subject,2 namely that of a uniformly thick damaged 
zone, are definitely pessimistic. Even with the 
assumption of a uniformly thick damage zone 
over the entire fracture surface, results in Ref. 2 
indicate that the main contribution to the production 
is derived from the portion of the fracture surface 
which is farther from the well. When one considers 
that the time of contact between the frac fluid and 
the fracture surface is longest nearest the well, it 
is almost certain that the extent of damage and the 
depth of the damaged zone would be smallest far 
from the well, regardless of the type and properties 
of the frac fluid used. Thus, it is entirely reasonable 
to anticipate that the contribution to production from 
the sections of the fracture surface farther from the 
well under conditions existing in the formation after 
a frac treatment would be larger than indicated in 
Ref. 2. This means that the results of Ref. 2 regard- 
ing the effect of a damage zone on loss of production 
are pessimistic. 
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It should be stressed that, although the general 
shape of the damaged zone can be surmised to thin 
out with increasing distance from the well, its 
exact shape in situ will probably never be determined. 
In fact, the shape of the damaged zone and the 
extent of damage will depend not only on the prop- 
erties of the frac fluid, but also on those of the 
reservoir rock fluids as well as on the pressure, 
saturation and temperature conditions existing 
in the reservoir at the time of the fracture treatment. 
For example, a gas saturation increasing towards 
the well could result in a damaged zone which 
thins out away from the well. Thus, it cannot be 
said that the results presented in the paper are 
generally optimistic, although they might be in 
some cases. By contrast, the results of Ref. 2 are 
almost certainly pessimistic. 


Although the paper does not consider the multiple 
effects of a damage zone and reduced fracture 
capacity, similar arguments suggest that the results 
presented for such conditions in the only other 
reference to the subject are also somewhat pessi- 
mistic. 
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sand Concentration for Maximum Fracture Flow Capacity 


ANTONIO ROMERO-JUAREZ 
MEMBER AIME 


ABSTRACT 


This paper is concerned with the effect of propping- 
agent concentration on flow capacity of a fracture 
in the case in which there is embedment of the 
propping agent. Previous published studies have 
shown definitely that there is a relationship between 
fracture flow capacity and propping-agent concen- 
tration, and it has been shown that the theoretical 
results are confirmed by laboratory experiments. 

The problem of directly finding sand concentration 
for maximum flow capacity of a sand-propped fracture 
is solved, and formulas and charts are given to 
obtain this concentration under various conditions 
of effective overburden pressure, medium sand- 
grain diameter and rock properties. It is shown that, 
for the same effective overburden pressure and the 
same rock characteristics, optimum sand concen- 
tration in pounds per gallon does not depend on 
medium sand diameter. For conditions met in hy- 
draulic fracturing operations, it is found that sand 
concentration in grains per square inch for maximum 
flow capacity varies within a wide range of values; 
this indicates the convenience of using data of 
fracturing pressure and rock characteristics for 
calculating sand concentration in order to achieve 
the best results in fracture treatments. 


INTRODUCTION 


It has been pointed out in the published literature1 
that one important factor controls the success of a 
hydraulic fracturing operation — the propping of the 
fracture. The main effect of the propping agent is 
to hold the fracture open by means of the reaction 
forces that oppose the pressure due to the over- 
burden. It is assumed in this paper that the propping 
agent is sand, that the grains are spherical and 
uniform in size, and that this sand is distributed 
in a monolayer in the fracture. 

The existence of a sand concentration value for 
maximum fracture flow capacity has been recognized 
since the publication of one of the first studies on 
the subject.2 In the reference cited, flow capacity 
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was assumed to be proportional to the cube of the 
fracture volume per square inch not filled by sand. 

The obtained experimental curves relating to flow 
capacity and sand concentration had the same appear- 
ance as the curves obtained with the afore-mentioned 
assumption. Recent work3 has shown that fracture 
permeability, in the case of a monolayer, can be 
calculated accurately by means of a modified 
Kozeny-Carman equation; thus, it can be shown 
that fracture permeability is a function of free 
volume in the fracture and of the rock and sand wet 
surfaces, 


The flow capacity of a fracture is dependent on 
the permeability of the fracture and on the fracture 
width. If an excessive quantity of sand is present 
in the fracture, its width may be large but its per- 
meability is low due to the greater flow resistance; 
too few grains of sand per square inch are present 
in the fracture, sand embedment in the rock is greater 
and the width becomes small enough to appreciably 
decrease the rate of flow. To determine optimum 
conditions of flow, therefore, it is necessary to 
know the dependence of fracture width on density 
or concentration of propping agent. This relation 
is given in a study‘ in which the approach to embed- 
ment is similar to the one made in a penetration 
hardness test of metal. 


With the equations presented by Darin and Huitt, 
the number of sand grains per square inch that 
results in maximum fracture capacity can be deter- 
mined graphically by plotting fracture capacity vs 
sand concentration. 

Since the relationship between fracture capacity 
and sand concentration may be considered known, 
one is led to formulate the analytical problem of 
directly determining sand concentration for max- 
imum fracture flow capacity, in order to study the 
effect of the various quantities that come into the 
process. 

The solution of this problem appears to be inter- 
esting both from the viewpoint of fluid mechanics 
and from the practical viewpoint of oil production 
in hydraulic fracturing treatments. 


EQUATION FOR@=FRACTURE, FLOW CAPACITY 


It can be shown’ that the fracture flow capacity 
of a monolayer is given by the following expression, 
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obtained by a modified Kozeny-Carman equation. 
3 

Op 

Sf 

(1) 

where (KW)) = in md-ft, Wy = frac- 


ture width (in.) and 4 = porosity of a partial mono- 
layer, given: by 


(AWg) = 1.1x10"° 


_ 
Dp = 
where V, = volume of sand between fracture faces 
per unit area of fracture surface. 
Also-in Eq: 1 
= WwW 
= 


(3) 

in is the Goce sand) wetted 
area (square inch per square inch) of fracture. 
Now, substituting Eqs. 2 and 3 in Eq. 1, 


35 
W, 


Ww 
or 
3 
(Compare Dehlinger, et al,“ Eqs. 7 and 8.) 
From the geometry of the problem it also is 
readily found that 


2 
(4 2 
(S) 
and 
An 
Ay = 2-26 (0°- +n 
if nm = sand concentration = number of grains per 
square inch (one face of fracture) and D = mean 


sand-grain diameter. 
Then, the equation for fracture capacity can be 
written in the following convenient form. 


10 2 2.53 

Ww 


FRACTURE WIDTH AND TREATING PRESSURE 


The following relation is found4 to adequately 
describe the embedment of a spherical sand grain 
in a formation. 


d 

(ze) 

(8) 


sion made by the penetrating grain, L is the load 
in the grain, and B and m are two characteristic 
constants of the formation rock. Since embedment 
increases with B, this characteristic constant will 
be called ‘‘softness’’ of the rock; m could be called 
the ‘‘pseudo-rigidity’’. Eq. 8 is supported by ex- 


perimental data. 
From the problem’s geometry, 


2 
We = D -d 
Combining Eqs. 8 and 9 and putting 
P. 
n 


P, being the effective overburden pressure, the 
following equation results for fracture width. 


m2 
W = o|1-0( | 
nD 


By means of Eqs. 6, 7 and 10, fracture capacity 
may be calculated as a function of concentration 
for different values of effective overburden pressure. 

Figs. 1 and 2 show flow capacity vs sand con- 
centration for two fractures propped with sand of 
different grain diameter. For Fig. 1, D =0.025 in. 
(20~30 mesh), P, = 600 psi, B = 6.8 x 10-5 and 
m = 0.92. For Fig. 2, D = 0.16 in. (4—6 mesh), Pe 
= 3,000 psi, B = 4.2 x 10-5 and m = 1. 

Note that a large-diameter propping sand produces 
a fracture flow capacity of about two orders of 
magnitude greater than that obtained with a small 
(20—30 mesh) sand grain. 

The following considerations are made in order 
to estimate the values of effective overburden 
pressure when a fracture is induced. 

The effective overburden pressure is the difference 
between the confining pressure P,, which tends to 
close the fracture, and the formation pressure Py. 


There has been a great controversy over the 
determination of confining pressure P,. According 
to most investigators,5 P. for horizontal fractures 
is equal to the overburden pressure P,, correspond- 
ing to the weight of the overlaving rocks; therefore, 


2.4 


FRACTURE FLOW CAPACITY (K W), 10% md- ft. 


fe} 200 400 600 800 
SAND GRAINS PER SQUARE INCH 


0 1 2 3 4 5 6 7 
POUNDS OF SAND PER GALLON OF FLUID 


FIG, 1—FRACTURE FLOW CAPACITY AS A FUNCTION 
OF SAND CONCENTRATION FOR 0.025-IN. MEAN 
SAND-GRAIN DIAMETER (20-30 MESH). 
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2.0 


Taking in Eq. 13 = O25, 


Fo = 0.67 Fob , 
1.6 Fo = 0.644 
\ 
\ therefore, for vertical fractures, 
\ 
Fe=O0.21h 


FRACTURE FLOW CAPACITY 10© md- ft 


16 24 
SAND GRAINS PER SQUARE INCH 


2 4 6 
POUNDS OF SAND PER GALLON OF FLUID 
FIG. 2— FRACTURE FLOW CAPACITY AS A FUNCTION 
OF SAND CONCENTRATION FOR 0.16-IN. MEAN 
SAND-GRAIN DIAMETER (4-6 MESH). DOTTED CURVE 
CALCULATED BY MEANS OF APPROXIMATE FOR- 
MULAS. 


P. is simply the product of the specific weight of 
the rock times the depth. For a fracture making its 
plane on an angle ® with the horizontal, the confin- 


ing pressure is 
Fob ( | ( 
+ | cos 2 
1-42 
yw being Poisson’s ratio. It follows from Eq. 12 
that, for a vertical fracture, 
(13) 


(6; 


Several authors5 give field data on treating pres- 
sures. A rough estimation will be made here of the 
effective overburden pressure defined by Eq. 11. 
Rock densities are considered to range from 1.9 
to 2.4 gm/cc; since hydrostatic pressure gradient 
(corresponding to 1-gm/cc density) is equal to 
0.433 psi/ft, the following equations are correct 
to a rough approximation. 


Pob = 2.2x0.43/ 


and 


Pe = 0.43A 


where h is the depth in feet and pressures are meas- 
ured in pounds per square inch. Then, for horizontal 


fractures 


Po = (2.2-1)0.43h=0.52h- - 
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(14) 


SAND CONCENTRATION FOR 
MAXIMUM FLOW CAPACITY 


The problem to be solved may be formulated in 


the following terms. Find the value of n for which 


; (KW, ) has a maximum value, when P,, D and B 
are given, where 
3 
KWe) = -nit W, 
5, (CG) 
and 
and where 
Vo 
5p 1-8 ( ) at (18) 
f 


The condition for extreme values of (KW, ) 


d(KWe) | 


setting in Eq. 16 


2 2 
Doig 
W We 1D ’ (19) 
the condition becomes 
20) 
Let 
Mm 
nD 
then, 
Wr = D( 


Since by Eqs. 8 and 21 (d/D)* = Bx, the quantity 
Bx is a small fraction and is considered as such 
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in the following equations. Then this equation 
may be expressed as 


Wy =0 


To make the problem tractable, the calculation 
will be carried taking terms up to the first power of 
x. It can be shown that the results obtained keep- 
ing terms of the second degree in x are, for practical 
conditions, the same as obtained by the first ap- 
proximation. 


From Eqs. 19 and 22, 


NKD*\ DBx 
w o(1 (23) 


and from Eqs. 17 and 22, 


(2A) 


By derivation, from Eqs. 23 and 24: 


dn 6 

in dn 


then, substituting dx/dn in Eqs. 25 and 26, 


dn 6 2n 

p2+K(m-1) D* Bx. (29) 


dn 


Since the second term in Eq. 29 is very small com- 
pared with the first, 


dAw 
dn 


Substituting Eqs. 23, 24, 28 and 30 in Eq. 20, 
the following equation is obtained, after some re- 
ductions. 


(1 + (28 +08) x +00"), 
2 nD 


or 


Ano" \( 3mB 


o 2 
KnD ); 
18 
from which 
18 Find? (31) 
(1+ ( mB 
2 “3m 


By means of this formula and Eq. 21, optimum 
sand concentration for given values of P,, B and 
m can be calculated easily. 


Fig. 3 shows the variation of n with P, for D = 
0.025 in., B = 7 x 10-5 and for different values of 
m for maximum flow capacity, as determined by Eq. 
31. Fig. 4 is a plot of Eq. 31 for D = 0.16 in., m= 
1 and for different rock-softness values B. 

Note the wide range of values of sand concentra- 
tion, in grains per square inch, for maximum fracture 
flow capacity under different conditions of the 
effective pressure (therefore, under different kinds 
of fractures) and under different rock properties. 

Fig. 2 also shows fracture capacity vs sand con- 
centration as calculated using the approximations 
made, that is, by means of the equation 


3 
WW 
10,27 
(A We) = 1.1x10 
Ww 
and the approximate formulas 


(i- 


no? ) 
6 2 


and 


Ay= (2+0%K0*) . 


This figure reveals that the approximation leads 
to practically the same results yielded by the exact 


w 
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FIG. 3—SAND CONCENTRATION FOR MAXIMUM FLOW 

CAPACITY AS A FUNCTION OF OVERBURDEN PRES- 

SURE FOR 0.025-IN. SAND-GRAIN DIAMETER (20-30 
MESH) AND ROCK SOFTNESS B =7 x 10°-5, 
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FIG. 4-—SAND CONCENTRATION FOR MAXIMUM FLOW 

CAPACITY AS A FUNCTION OF EFFECTIVE OVER- 

BURDEN PRESSURE FOR 0.16-IN. SAND-GRAIN 

DIAMETER (4-6 MESH) AND FOR DIFFERENT ROCK 
SOFTNESSES. 


relations. Particularly note that the concentration 
value corresponding to maximum fracture capacity 
is the same for both curves. 

Fig. 5 shows fracture width vs concentration as 
calculated by 


and by the approximate formula 


= 5), 


Again, the approximation is shown to be satisfactory. 


CONCENTRATION IN POUNDS OF SAND 
PER GALLON-OF FLUID 


Under the assumptions of no fluid leak-off through 
the fracture faces and of monolayer arrangement, 
the conversion of concentration from grains per 
square inch to pounds of sand per gallon of fluid 
can be made immediately. ; 

If p is the specific weight of the sand material 
in pounds per cubic foot and nm is the number of 
sand grains per square foot, the weight in pounds 
of a monolayer of 1 sq ft of fracture surface is 


p: 42 pn, 


the corresponding void volume in cubic feet of 
propped fracture is 


or 


Then the concentration C in pounds of sand per 
cubic feet of fluid, measured in the fracture, 1s 
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FIG. 5— FRACTURE WIDTH AS A FUNCTION OF SAND 

CONCENTRATION FOR 0.16-IN. MEAN SAND-GRAIN 

DIAMETER (4-6 MESH), m=1, B = 4.2 x 10-5 AND P, 

= 3,000 PSI. DOTTED CURVE CALCULATED BY MEANS 

OF APPROXIMATE FORMULA. 


or 


_ AP 
6 
D 


It is readily seen that the last expression contains 
n and D only in the product mD2. Also, in Eq. 31 
nm and D appear only in the product nD2; therefore, 
it is possible to write 


Thus by Eq. 32 it is concluded that C for maximum 
flow capacity does not depend on sand-grain di- 
ameter. 


If during the time that sand is being pumped into 
the fracture its width is equal to the grain diameter, 
Eq. 32 becomes 


6 


If D is expressed in inches and n in grains per 
square inch, the concentration in the fracture in 
pounds of sand per gallon of fluid is 


nb@ 


= 
6x 7.481 


This is the formula used to calculate the con- 
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centration in pounds per gallon corresponding to a 
value of the density given in grains per square 
inch. The concentration in pounds of sand per 
gallon of fluid in the fracture, for the corresponding 
values of nm shown in the scales of Figs. 1 through 
5, is calculated by Eq. 33 with the value p = 2.44 
gm/cc. 

That C is independent of D can be checked by Figs. 
3 and 4 for the values B = 7 x 105, m=1, Py = 
3,000 psi for instance, and the two grain diameters 
D = 0.16 and 0.025 in., respectively; in both cases, 
nD2 = 0.37 and also in both cases C = 4.9 lb/gal. 

When fracture width equals grain diameter of the 
propping agent, sand concentration in the fracture 
given by Eq. 33 will be equal to, in the absence of 
leak-off through fracture faces, the concentration 
measured at the surface. 

Fluid leak-off through the fracture faces affect, 
of course, the concentration in a propping-sand 
operation; the fluid lost has the result of increasing 
the concentration within the fracture. In other 
words, the concentration measured in the fracture 
shown in Figs. 1 through 5 is greater than the 
concentration measured at the surface. Thus, con- 
centration measured at the surface for maximum 
flow capacity, in the case of fluid leak-off, should 
be less than indicated in Figs. 3 and 4. 


CONCLUSIONS 


1. The problem of directly calculating sand con- 
centration for maximum fracture flow capacity under 
various conditions is solved. 

2. Sand concentration measured in the fracture 
in pounds of sand per gallon of fluid, for maximum 
flow capacity and for the same conditions of pres- 
sure and rock characteristics, is independent of 
medium-size grain diameter. 

3. For conditions met in hydraulic fracturing treat- 
ments, it is convenient to determine sand concen- 
tration for maximum flow capacity, using data of 
treating and reservoir pressures and laboratory 
data of rock characteristics in order to obtain the 
best results from the fracturing operation. 


NOMENCLATURE 
(KW; ) = fracture capacity, md-ft 
Wy = fracture width, in. 


Pp = porosity of a partial monolayer in fracture 


V 


p = volume of sand between fracture faces per 


unit area of fracture surface 
A,, = total wetted area (sq in.) per unit area (sq 
in.) of fracture 
S» = (see definitions of A,, and V,?) 
m=sand concentration, equal to number of 
grains per sq in. of fracture 


D = mean sand-grain diameter, in. 

d = diameter of the impression made by the grain 
in the rock, in. 

L = load on the grain, Ib 

B =characteristic constant of the formation 
rock (softness) 

m = characteristic constant of the formation 
rock (pseudo-rigidity) 


Il 


effective overburden pressure, psi (confining 
pressure due to overburden minus for- 


mation pressure) 
P..=confining pressure due to overburden, psi 
Py = formation pressure, psi 


Pop =Ppressure corresponding to the weight of 
overlaying rocks, psi 


b = depth, ft 

p. = Poisson’s ratio 

® =angle of fracture plane with horizontal 

VY = void volume in 1 sq ft of propped fracture 


x = (P, /nD?2)™ = an auxiliary variable (see 
definitions of R, , n and D). 
P =weight of a sand monolayer in 1 sq ft of 


fracture, lb 

p = specific weight of the sand material, lb/cu 
ft 

C = sand concentration measured in the fracture, 


Ib sand/gal (or cu ft, when specified) of 
fluid 
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ABSTRACT 


A potentiometric model technique is presented for 
determining the areal sweep efficiency of a five- 
spot well pattern, at and beyond breakthrough. A 
sharp interface between displaced and displacing 
fluids is assumed. Although the prototype system 
is referred to as a waterflood operation, obvious 
changes in the notation and computations will adapt 
the results to other displacement processes. 

The results of the study include the following. 

1. Areal sweep efficiencies for a five-spot well 
pattern, at and beyond breakthrough, for mobility 
ratios (displacing to displaced fluid) of 4:1, 2:1, 

2. Extension of potentiometric analysis to the 
investigation of the areal sweep.efficiency beyond 
breakthrough ina five-spot pattern by the application 
of conformal mapping and conductive-solid models. 

3. The use of layers of conductive fabric in rep- 
resenting mobility ratio changes in potentiometric 
models. 

4. The development of a probe mechanism for 
probing conductive solids. 

The results obtained by conductive-cloth models 
agree with earlier areal sweep efficiencies at break- 
through obtained by Aronofsky and Ramey 1 on the 
potentiometric analyzer using electrolytic-tank 
models. Results beyond breakthrough differ from 
those obtained by the X-Ray Shadowgraph technique. 
Data from this study show that, for mobility ratios 
greater than one, water cut rises rapidly as fluid 
is produced after breakthrough. However, for mobility 
ratios smaller than one, a large increase in area 
swept resulted with only a small increase in water 
cut. 


INTRODUCTION 


In calculating reservoir performance of waterflood- 
ing operations and other fluid-injection programs, it 
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is necessary to estimate the areal sweep efficiency * 
before and after injected-fluid breakthrough into 
production wells. Influence of mobility ratio on oil- 
production history, before and after breakthrough 
for a five-spot well pattern, has been studied by 
X-Ray Shadowgraph techniques 2-5 and by gelatin 
models.© In none of these investigations was the 
transition zone controlled experimentally. 

Steady-state analog techniques assume that a 
vertical and discrete interface exists between the 
displacing and displaced phase. Thus, when using 
a potentiometric analysis, it is assumed that no 
transition zone exists. 

To determine the areal sweep efficiency beyond 
breakthrough for a five-spot well pattern using the 
potentiometric analyzer, four principal problems had 
to be resolved. These were the following. 

1, The laborious method of representing changes 
in mobility ratio in electrolytic tanks by means of 
contoured wooden blocks. 

2. Vaporization of the electrolyte solution during 
the study causing concentration changes and, there- 
by, variable conductivity. 

3. The scale-limitation problem? that is accen- 
tuated by abrupt electrolyte depth changes. 

4. A wellbore geometry problem. 


EXPERIMENTAL EQUIPMENT AND PROCEDURES 


CONDUCTIVE-SOLID MODEL 


The theory, equipment and procedural techniques 
of the electrolytic-tank potentiometric model have 
been treated excellently by Lee® and by Muskat.? 
By the use of a conductive solid to represent the 
fluid conductivity of the porous media, the need 
for contouring wooden blocks to represent mobility 
ratio was eliminated. It was found that a carbon- 
black coated fabric, Uskon D-16,** could be employed 
as a fairly uniform conductive media. This material, 
when stacked in appropriate layers and pressed 
together, can be used to represent changes in mo- 


Original manuscript received in Society of Petroleum Engineers 
office June 17, 1960. Revised manuscript received Feb. 8, 
1961. Paper presented at 35th Annual Fall Meeting of SPE, 
Oct. 2—5, 1960, in Denver. 

References given at end of paper. 
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*Areal sweep efficiency is the area enclosed by the leading 
edge of the injected-fluid front divided by the portion of the 
reservoir area under consideration, 


**United States Rubber Co. 
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bility. A new probing mechanism was necessary for 
use on dry-conductive solids. A photograph of a 
leaf-spring-type probe developed for this purpose 
is shown in Fig. 1. Two areal-sweep-efficiency 
runs, made on a developed, one-quarter five-spot 
well pattern at a 1:1 mobility ratio by two different 
investigators, checked the theoretical value closely 
(Table 1). Therefore, the dry-probing technique was 
considered reliable. 

Conductive fabric eliminated the use of electrolyte 
solutions and their accompanying vaporization 
losses. Compensating for this advantage, it was 
found that the fabric was sensitive to changes in 
humidity; this problem was circumvented by provid- 
ing a humidity-controlled atmosphere. 

Since the thickness of the conductive fabric was 
0.012 in., the erroneous deviation of flow lines 
caused by large variations in electrolyte depth 
was reduced materially. 


BIPOLAR TRANSFORMATION 


For two reasons, extension of the investigation 
to the problem of sweep-out after breakthrough was 
impractical using the regular, developed five-spot 
pattern. First, the fraction of current carried by the 
swept and unswept regions, and hence the rate at 
which the area of the unswept section is decreased, 
is dependent on the angle that the tip (Fig. 4) of 
the cloth is cut at the producing well. The tip is 
extremely small, making it difficult to preserve 
the analogy as far as geometry is concerned. The 
precise cutting and connecting of the cloth in the 
region of the producing well determines the outcome 
of the problem at succeeding points. Thus, in this 
situation, it was highly desirable to greatly enlarge 
the model or to adopt a different approach. Second, 
in attempting to advance the front after breakthrough, 


FIG, 1—CONDUCTIVE-SOLIDS PROBE. 
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TABLE 1—EFFECT OF MOBILITY RATIO ON AREAL SWEEP 
EFFICIENCY AT BREAKTHROUGH — DEVELOPED FIVE- 
SPOT WELL PATTERN 


Areal Sweep Efficiency — per cent 


Potentiometric 


Analyzer 
Mobility Conductive Electro- X-Ray?" 
Ratio Cloth- lytic Fluid Shadow- Analytical 
M Uskon Tank! Mapper'? graph Calculation 

oo: J C26 = 62.5 - - - 
10:1 - 64.5 5207, 51.0 - 

4:1 66.4 65.8 62.0 54.0 45.0" 
21 68.8 68.0 68.0 60.4 - 

71.6-71.5* 70.0 69.8 71.5'%71.8** 
1:4 82.2 88.5 78.0 87.0 - 

1:10 = 94.5 82.0 100.0 - 


*First value obtained on regular, one-quarter five-spot well 
pattern and second value obtained on transformed, one-quarter 
five-spot well pattern. 

**Calculated by J. R. Milne from formula presented in Ref. 16. 


it becomes physically impossible to probe in the 
immediate vicinity of the producing well. A smaller 
probe spacing would help, but the number of readings 
and the solution time would increase proportionately. 
As aresult, a method was devised which transformed 
the regular, developed-five-spot well pattern by 
means of analytic functions into another geometrical 
system in which the geometry of the critical region 
around the wells is more favorable for precise po- 
tential measurements. In essence, the injection 
and production sand faces of a one-quarter-developed 
five-spot well pattern were transformed by a bipolar 
co-ordinate system into a straight line; also, the 
diagonal between the wells was lengthened and 
the opposite diagonal was shortened (Fig. 2). 

The procedure used in the bipolar transformation 
method, using the case of 2:1 mobility ratio as an 
example, was as follows (Fig. 2). 

1. Several transformed 16-in. one-quarter five- 
spot well patterns (hereafter referred to as the trans- 
formed five-spot) were cut out of a roll of Uskon 
D-16 cloth, some in the direction of the woof and 
others in the direction of the warp. A stainless- 
steel template of the transformed five-spot assured 
the cutting of uniform patterns. 

2. Four layers of cloth were carefully stacked, 
alternating the woof and warp sheets, and pressed 
together. The model was then placed on a piece of 
Y-in. plywood. 


3. The cloth was cut 2-in. longer on each end 
than the proper boundaries of the transformed model; 
these strips were used as electrodes. The last 2 in. 
of the top of the top-most layer and the bottom of 
the bottom-most layer were painted with conductive 
silver paint. A piece of aluminum foil was placed 
over the silver paint and the entire assembly was 
drawn down tightly by means of a \%4-in. bakelite 
sheet and screws (Fig. 2). Connection to the DC 
power source is made through the aluminum foil. 

4, Since the position of the front at breakthrough 
had been determined previously on a regular five- 
spot model, this front was converted to the trans- 
formed model and the two top sheets were cut accord- 
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ingly. The positions of the front near the wellbore 
after breakthrough were followed on the transformed 
five-spot, and the portion of the front near the opposite 
diagonals was followed on the regular five-spot. 
The portion of the front investigated on the trans- 
formed five-spot was converted back to the regular 
pattern to determine areal sweep efficiency. 

5. The water cut was determined by a material 
balance calculation. 

A 1:1 mobility ratio, one-quarter-developed five- 
spot was run to breakthrough on a transformed model 
to check its validity. The results are reported in 
Table 1. The results of the areal sweep efficiency 
obtained for the developed five-spot flood pattern 
beyond breakthrough for mobility ratios 4:1, 2:1, 
1:1 and 1:4, run as outlined previously, are shown 
in Fig. 3. The interface positions for a mobility 
ratio of 1:4 are shown in Fig. 4. Fig. 5 presents 
the potentiometric model and detecting circuit dia- 
grams. The circuitry is identical for the regular 
and transformed models. 


DISCUSSION 


It is known that, when the mobility ratio is greater 
than one, the displacement front may develop fin- 
gers.10,11 In any actual displacement in which the 
displacing phase is the more mobile, these non- 
uniformities of flow arise due to the shape instability 
of the interface between fluids. Thus, a small dimple 
or protrusion on the front causes the fluid velocity 
pattern to be altered. In the case of frontal instability, 
this change in flow pattern causes the ripple to 
grow larger. The rate at which such parasitic flow 
patterns develop evidently depends on the fluid 
mobility itself, as well as onthe ratio of mobilities, 
the gradient of fluid mobility and the homogeneity 
of the formation. 
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FIG. 3—WATER CUT VS AREAL SWEEP 


EFFICIENCY AFTER BREAKTHROUGH 
FOR VARIOUS MOBILITY RATIOS. 


The phenomenon has been observed in laboratory 
models of various geometries, but it is not yet known 
what effect it will have in reservoirs where the 
travel distance is so much greater. On the scale of 
an oil field, the fingered transition zone may in 
some cases still be treated as a thin interface sep- 
arating the displaced from the displacing fluids. 

In the potentiometric analogy, the instability due 
tothe shape of the displacement front is not observed. 
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The limitation evidently arises from the fixed inter- 
electrode separation on the probe. The observed 
potential differences and calculated fluid-travel 
times are averaged automatically over this distance. 
Thus, flow inhomogeneities in the reservoir which 
are smaller than the scaled-up inter-electrode 
spacing are virtually disregarded by the poten- 
tiometric model. 

The potentiometric method used ia this work is 
open to several criticisms. A major objection is 
the use of step-wise approximation to the displace-~ 
ment, with the ‘‘front’’ being advanced incrementally 
on the basis of potential gradients in the model. 
It has not been shown mathematically that this 
process converges uniquely to the correct result. 
Similarly, it is not clear how dispersion at the front 
will affect the after-breakthrough production. The 
results presented are based on the assumption that 
the displacement behavior in the reservoir is not 
grossly affected by such phenomena at the front — 
that the width of the front remains negligible in 
comparison to the well spacing. It is hoped that 
these problems can be resolved by future work. 


SUMMARY AND CONCLUSIONS 


1. The utilization of conductive-solid materials 
in a potentiometric model was investigated. It was 
found that layers of conductive, carbon-black coated 
fabric (Uskon D-16) canbe used to represent changes 
in mobility ratio from 4:1 to 1:4. Layers of conductive 
cloth also can be used to represent changes in 
permeability-thickness product of a reservoir. In 
addition, an infinite mobility ratio that has proved 
valuable in in-situ combustion studies can be 
represented by silver-painting the cloth behind the 
front. 

2. A new type of probing mechanism was devel- 
oped for use on conductive solids. To obtain con- 
sistent potential readings, it was necessary to 
maintain a uniform probe pressure on the conductive 
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FIG. 5 — POTENTIOMETRIC MODEL AND DETECTING 
CIRCUIT DIAGRAMS. 


cloth. A combination helical- and leaf-spring-loaded 
probe mechanism was found to satisfy this require- 
ment. 

3. A new technique was developed for using the 
potentiometric analyzer to determine areal sweep 
efficiency after water breakthrough. The physical 
impossibility of probing (to obtain the potential 
distribution) the model of a developed five-spot 
well pattern in the immediate vicinity of the well- 
bore was the main difficulty to be overcome. This 
was circumvented by employing a bipolar transfor- 
mation system which changed the configuration of 
the regular, developed five-spot well pattern; in 
particular, the 90° curved face of the wellbore is 
converted to a straight line. Thus, it is possible 
to obtain the potential distribution in the area 
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FIG. 4—INTERFACE POSITIONS AFTER BREAKTHROUGH FOR DEVELOPED FIVE-SPOT WELL PATTERN, 1:4 
MOBILITY RATIO. 
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adjacent to the wellbore on the transformed five- 
spot well pattern. All runs made employing the 
transformed well pattern gave reasonable and re- 
producible results. 

4. The results of areal-sweep-efficiency runs 
at breakthrough for various mobility ratios are 
shown in Table 1. As the mobility ratio decreases 
below one, the area swept increases rapidly. This 
is contrasted to a small change in the area swept 
as the mobility ratio increases above one. There 
is good agreement of the data obtained by conductive- 
cloth models and by electrolytic-tank models (ob- 
tained by Aronofsky and Ramey!) on the potenti- 
ometric analyzer at mobility ratios greater than one. 

5. The effect of mobility ratio on water cut and 
areal sweep efficiency after water breakthrough is 
shown in Fig. 3. For mobility ratios greater than 
one, the water cut increases rapidly, immediately 
after breakthrough, to more than 50 per cent of the 
produced fluid. It then increases more gradually 
with increasing production. For a mobility ratio 
smaller than one, however, large increases in 
area swept resulted, with only a small increase in 
water cut. 
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Nonequilibrium Gas Displacement Calculations 


H. D. ATTRA 
JUNIOR MEMBER AIME 


ABSTRACT 


The effects of phase behavior on reservoir econ- 
omics is a function of both fluid composition and 
flow properties of the reservoir rock. In some opera- 
tions such as gas injection into volatile crude-oil 
reservoirs, the stock-tank recovery derived from 
vaporization of the reservoir oil by the displacing 
gas can approach the recovery derived from the 
displacement mechanism. In other cases of gas- 
cycling reservoirs, the dry injected gas can effec- 
tively vaporize a retrograde liquid phase, allowing 
a substantial reduction in cycling pressure with no 
appreciable loss in recoverable liquids. Because 
of these effects, it is essential that phase behavior 
be considered in developing the economics of any 
secondary recovery program in which gas is the 
injected fluid. 

The inclusion of phase behavior in conventional 
calculation procedures has been retarded because 
of the complexity of the calculation and the large 
volume of laboratory data required. However, by 
applying high-speed computers and new laboratory 
techniques, the phase-behavior displacement cal- 
culation has been developed to economically include 
this basic fundamental of gas displacement. 

The calculation is performed by reducing the 
reservoir to a series of one-dimensional segments. 
Phase changes, saturation distributions and chang- 
ing fluid properties are evaluated for each segment 
as a function of time. The relative volumes of 
equilibrium liquid and gas displaced from each 
segment are determined by a trial-and-error procedure 
to meet the requirements of phase equilibrium and 
two-phase flow. The produced fluids are flashed 
through conditions of surface separation approx- 
imating those in the field to obtain actual values 
for stock-tank liquid recovery and producing gas- 
oil ratios. 

Based on the results of successful field studies, 
the technique appears to have application to res- 
ervoirs producing under a nonmiscible gas-displace- 
ment mechanism and should substantially increase 
the reliability of this type of analysis when phase 
behavior is an important factor. 


Original manuscript received in Society of Petroleum Engineers 
office July 15, 1960. Revised manuscript received Jan, 25, 1961, 
Paper presented at 35th Annual Fall Meeting of SPE, Oct. 2-5, 
1960, in Denver. 
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INTRODUCTION 


Predicting reservoir performance under gas-injec- 
tion operations involves three basic principles of 
reservoir engineering. First, a material balance 
exists between the displacing gas and the displaced 
reservoir fluid. Second, the oil and gas flow in 
relationship with the two-phase flow property of 
the reservoir rock; and third, phase equilibrium 
exists between the displacing gas and the native 
reservoir fluid. To illustrate these three principles, 
consider the one-dimensional reservoir shown in 
Fig. 1. The reservoir is divided into a series of 
segments representing a one-dimensional cross 
section between an injection area and a producing 
area. S, represents the oil saturation, C,, represents 
the connate-water saturation and Sp represents the 
displacing gas saturation. The gas is moving into 
Segment 1 and the reservoir oil is being produced 
out of Segment N. 


Consider the case when gas has just moved into 
Segment 1 and the displacing gas-oil contact is at 
position ad-a‘ The volume of oil pushed out of Seg- 
ment 1 is a function only of mobility and the two- 
phase flow properties of the reservoir rock, that is, 
OPI and Ho/ Hg: Behind the front if the injected 
gas is foreign to the reservoir oil (a nonequilibrium 
gas), there will either be vaporization of the oil 
into the gas or condensation of the gas into the 
oil. In either case the net result is a mass transfer 
and a re-distribution of composition and liquid and 
gas saturation. 

If the displacement is at constant pressure and 
is continued, the gas moves into new segments, 
proceeding succesively into Segment 2, 3, etc. The 
total volume of oil produced from the reservoir 
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FIG. 1— ONE-DIMENSIONAL REDUCTION OF RESER- 
VOIR. 
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becomes a function of phase behavior behind the 
front and displacement at the front with the net 
result, ‘‘total fluid produced = total fluid injected 
+ phase changes’’. 

In the past, conventional methods of analyses1 
have included only the concept of two-phase flow 
(K,/K,) (Ho/ Hg) and a material balance. The third 
fundamental of phase behavior has been neglected 
because of the complexity of the calculation procedure 
and large volume of laboratory data required for an 
accurate prediction. These conventional calculations 
have been and will continue to be satisfactory for 
heavy-crude reservoirs being produced under dry- 
gas injection programs, gas-cap expansion, or any 
other form of an equilibrium or near-equilibrium 
displacement process. However, because of the 
increasing number of volatile oil reservoirs and 
rich-gas injection programs, it has been recognized 
that the undefined factor of phase behavior is oper- 
ative in most gas-injection programs and contributes 
materially to liquid recovery by either (1) reducing 
liquid viscosity, (2) swelling the residual oil phase, 
or (3) vaporizing the reservoir oil. 


BASIC CONSIDERATIONS AND RESTRICTIONS 


By using high-speed computers and new laboratory 
techniques, the nonequilibrium gas displacement 
program was developed to include all three of the 
basic principles of a gas displacement process. 
The calculation is performed by reducing the reser- 
voir to a series of one-dimensional segments as 
shown in Fig. 1. Values of gas saturation, composi- 
tion of injected gas and native reservoir oil and gas, 
flow properties of the rock and pore volumes are 
entered for each segment. The displacing gas enters 
Segment 1 and fluid flows in one direction, either 
being produced in accordance with predictable 
field performance or being displaced into the next 
segment. One time step tracts the total fluid flow 
in all segments considering the phase changes, 
displacement mechanism and material balance ahead 
of the front, at the front and behind the front. 

Earlier work 2 designed to calculate the effects 
of phase behavior on a gas displacement process 
has assumed the reservoir to be one cell with uniform 
compositions and phase properties throughout the 
entire reservoir. Preliminary work done in a model 
of this type (one segment) indicates complete loss 
of the compositional front and gross exaggeration 
of the effects of phase behavior. The principle 
employed in this earlier work assumes that phase 
equilibrium is reached simultaneously throughout 
the reservoir, which distorts the effects of either 
vaporization or condensation. The segment principle 
employed in the nonequilibrium calculation is for 
the purpose of more closely approximating the actual 
reservoir process of a nonequilibrium gas contacting 
reservoir oil as it moves through the reservoir and, 
by this repeated contact, becoming in equilibrium 
with it. 


lReferences given at end of paper. 
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The nonequilibrium calculation is subject to four 
basic assumptions. 

1. Capillary pressure and gravity are not con- 
sidered. 

2. The fluids within each segment are assumed 
to be in phase equilibrium at the end of each time 
step. 

3. An average gas saturation is calculated for 
each segment and is assumed to represent the flow 
properties of the entire segment. 

4, There is a constant pressure during any one 
time step; that is, declining reservoir pressure 
must be approximated by a series of constant- 
pressure steps. 

It should be noted that some smearing of the 
compositional front is inherent in the segment 
principle used in this calculation; therefore, it is 
not considered applicable to a slug displacement 
process. 


CALCULATION PROCEDURE 


The nonequilibrium displacement analysis is 
quite complex, involving several interdependent 
trial-and-error solutions. Figs. 2 and 3 illustrate the 
basic principles used in the calculation procedure, 
with a listing of each of the major equations included 
in the Appendix. 

Fig. 2 illustrates the mechanism for calculating 
the displacement process as the gas front moves 
into each segment. Bear in mind that the displace- 
ment mechanism is a function only of relative per- 
meability and oil and gas. viscosity and, as such, 
is affected by phase behavior only through changing 
viscosity. Referring to Fig. 2, the Buckley-Leverett 
displacement equations are solved to determine the 
displacing gas saturation in Segment 1 (Step 1). 
Based on this saturation the residual oil and gas 
behind the front are combined in proportion to their 
calculated volumes and are flashed at reservoir 
pressure and temperature to determine the phase 
| 
Calculate displacing Sg 


in segment from 
Buckley-Leverett 


2 


Flash residual oil & gas 
in segment to determine 
phase effect on Hg and 
Ho 


3 
Recalculate displacing 
Sg using Buckley- 
Leverett and new Uo 


5 
Kg Ho 4 
= ts} 

Adjust fluid volume Sgn gn-1 
displaced from segment 

MES 


FIG. 2—DISPLACEMENT. 
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FIG. 3— PHASE BEHAVIOR. 


effects on oil and gas viscosity (Step 2). The new 
viscosities are used to recalculate the Buckley- 
Leverett displacement and evaluate a new value 
for displacing efficiency or gas saturation (Step 3). 
The test is made to compare the original value of 
displacing gas saturation with the current value 
(Step 4). If agreement is not obtained, the new gas 
saturation and new viscosities are used to adjust 
the volume of fluid displaced from the segment 
(Step 5). Steps 2 through 5 are repeated until the 
displacing gas saturation calculated on two succes- 
sive trials agrees within a predetermined tolerance 
(0.1 per cent). 

Referring back to Fig. 1, at the completion of Steps 
1 through 5 the gas front is at a-a” in Segment 1; 
the volume of fluid displaced from the segment has 
been calculated considering phase effects on oil 
and gas viscosities. 

Fig. 3 illustrates the basic mechanism for cal- 
culating phase behavior behind the front. The pur- 
pose here is to determine the re-distribution of 
fluid compositions and saturations to satisfy phase 
equilibrium. Once we satisfy the displacement 
mechanism, the volume of oil and gas behind the 
front is again combined and flashed at reservoir 
pressure and temperature to determine the re-dis- 
tribution of composition. New fluid volumes are cal- 
culated and compared to the original segment volume 
(Step 6). If agreement is not obtained between the 
original and the calculated segment volume, the 
gas saturation behind the front is adjusted to reflect 
the phase exchange (Step 7). This procedure is 
continued until the calculated segment volume agrees 
with the original segment volume. When agreement 
is reached, the fluids produced from the segment 
are flashed through surface separation conditions 
to determine gas-oil ratio, surface recovery and 
producing composition (Step 8). The entire procedure 
is repeated for succeeding time steps as the gas 
front moves into Segments 2, 3, 4, etc. Steps 1 and 
3 are omitted for all segments behind the front;i.e., 
displacement behind the gas front is dependent 
only on two-phase flow and phase behavior. 

Again in review, Steps 1 through 4 satisfy the 
displacement process considering the effects of 
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phase behavior only on mobility. Steps 5 through 
8 evaluate phase behavior behind the front and 
its effect on oil and gas saturation. Full details 
of the equations used in the analysis are included 
in the Appendix. 


LABORATORY DATA REQUIRED 


The laboratory data requirements for the nonequi- 
librium gas displacement calculation are quite exten- 
sive in relationship to most high-pressure phase- 
behavior work. All of the data used in this calculation 
are required as a function of pressure, temperature 
and composition. Equilibrium vaporization constants 
(K-values) are the most important data used. These 
values are used to determine the mols and composition 
of the liquid and gas in each segment from which 
all volume data are calculated. 

Because of equilibrium properties of the reservoir 
gas and liquid change through repeated contacts of 
the displacing gas and native reservoir fluid, it is 
necessary to use K-values that will reflect this 
change independent of pressure and temperature. 
For example, consider constant-pressure gas injec- 
tion in a reservoir containing a volatile crude. The 
first gas injected may effectively vaporize a portion 
of the crude contacted. However, as the gas moves 
away from the injection well and contacts more oil, 
it eventually becomes saturated and a new over-all 
hydrocarbon system exists. If the pressure and 
temperature of the reservoir are constant, standard 
K-values would also be constant and would not 
adequately predict the changing phase properties 
of this new system. 


To obtain K-values that would apply, reservoir 
liquid and displacing-gas samples were used in 
the laboratory to perform a series of constant-pres- 
sure contacting experiments. The original liquid 
was contacted by a volume of displacing gas and 
allowed to come to equilibrium. The resulting gas 
and liquid compositions were measured and used 
to calculate the K-values for that step (k;=y; /x; ). 
The equilibrium gas was removed, and the equilibrium 
liquid was again contacted by new volumes of 
original gas. This procedure was repeated until 
no further change was noted in the compositions. 
This process is analogous to the reservoir process 
occurring near the injection well. A second series 
of experiments was performed in the same manner 
as the first except that the displacing gas was 
repeatedly contacted by original reservoir fluid. 
This process is equivalent to the phase changes 
occurring at the gas front. The K-values obtained 
from the two processes were then plotted as a func- 
tion of liquid composition to give a plot of K vs 
composition for a given pressure and temperature. 
If the reservoir study requires a declining pressure, 
the K-value data are obtained by the same procedure 
at both a high and low pressure and the two sets 
of curves are interpolated for K-values at any inter- 
mediate pressure. Fig. 4 illustrates a typical set 
of K vs composition data used in a case field study. 

Liquid viscosity, molecular weights and gallons- 
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per-mol factors for the hydrocarbon components 
above C« were also obtained as a function of liquid 
composition. It was determined from laboratory 
experiments that the molecular weights and volume 
relationship of the heavy components were basically 
insensitive to pressure but underwent a definite 
change with changing composition. Fig. Sillustrates 
the molecular weight and gallon-per-mol factor for 
the C+ fraction as a function of the mol fraction 
of C+ in the liquid. 

Other basic data required for the calculation 
consists of relative permeability data (K,/KQ), 
compositions of the reservoir liquid and gas, standard 
K-values at surface pressure and temperature (for 
separator flashes), and critical pressures and tem- 
peratures of the components. A complete table of 
gas-compressibility data (Z factors) is also required. 


FIELD APPLICATIONS 


Three field applications of the nonequilibrium 
gas calculations have been completed. One of these 
fields, a volatile-oil system with shrinkage of 1.7, 
had been produced under a dry-gas injection program 
for three years and recovery was substantially 
higher than expected. A match of observed perform- 
ance could not be obtained using conventional 


displacement analyses and any reasonable value 
for relative oil and gas permeability. Fig. 6 illus- 
trates the observed and calculated production curve 
of the reservoir. Shown on this chart is the cumulative 
stock-tank recovery vs producing gas-oil ratio. The 
curves are of the actual field performance (center 
curve), the calculated performance using the con- 
ventional Buckley-Leverett displacement (upper 
curve) and the calculated reservoir performance 
using the nonequilibrium displacement (lower curve). 
The same relative permeability data were used in 
both of the calculated cases. 

There was good agreement between all curves 
up to 7 million bbl of cumulative production or to 
the point of gas breakthrough. The slight difference 
shown in the calculated (conventional and nonequi- 
librium) curves in this region is a result of phase 
behavior increasing the displacing-gas viscosity 
and, thereby, increasing the efficiency of the dis- 
placement mechanism. There is, however, a marked 
difference in the results of the two calculations 
during the production history following gas break- 
through. The nonequilibrium indicated a much lower 
producing gas-oil ratio and higher oil production 
than the conventional. This difference results 
solely from the phase reaction of gas behind the 
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front vaporizing the oil at reservoir conditions and 
condensing it out in the separators. The field has 
continued to follow the prediction of the nonequi- 
librium calculation, indicating that the recovery 
mechanism is being accurately simulated with the 
principles used. 

Table 1 is a more detailed comparison of the 
observed field production history with the calculated 
results using nonequilibrium gas displacement. The 
reservoir was divided into 10 segments for the study 
so that the observed and calculated performance is 
presented for each segment and for the field as a 
whole. Note that there is excellent agreement for 
Segments 1 through 9, both at the end of one year 
of injection and at the end of three years. The 
discrepancy in Segment 10 of some 200,000 STB at 
the end of the first year is the result of fillup. 


The reservoir was actually being repressured during 
the first year while the calculation was performed 
for a constant pressure. The 200,000-bbl difference 
between observed and calculated figures is directly 
attributable to fillup and remained stable over the 
three year match of history. Table 2 illustrates the 
change in oil composition, resulting from the injected 
gas repeatedly contacting the reservoir oil. Both 
analyses are at the same reservoir pressure and 
temperature, with the difference in composition 
resulting from the injected gas vaporizing the inter- 
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TABLE 1 — COMPARISON OF CALCULATED AND 
OBSERVED FIELD PERFORMANCE 


Cumulative Oil 


Separator Gas-Oil Ratio Production 


Segment Calculated Observed Calculated Observed 
1.0 Year 
] 114,000 No Data - 
2 46,000 No Data 
3 30,000 No Data = = 
4 24,000 No Data 21,000 14,000 
5 20,000 No Data 61,000 56,000 
6 17,000 23,000 52,000 75,000 
7/ 15,000 17,000 104,000 95,000 
8 13,000 13,000 695,000 666,000 
9 10,000 10,000 560,000 562,000 
10 5,000 5,000 663,000 448,000 
Total 10,200 10,000 2,157,000 1,916,000 
3 Years 
] 244,000 No Data - = 
2 114,000 No Data = = 
3 62,000 No Data - a 
4 40,000 No Data 24,000 15,000 
5 30,000 No Data 70,000 60,000 
6 25,000 No Data 52,000 70,000 
7 22,000 23,000 143,000 125,000 
8 21,000 20,000 1,068,000 1,058,000 
9 18,000 16,000 1,156,000 1,200,000 
10 11,000 10,000 1,203,000 1,010,000 
Total 16,000 15,000 3,718,000 3,544,000 


TABLE 2 — EFFECT OF GAS INJECTION ON RESERVOIR 
OIL COMPOSITION, CONSTANT PRESSURE 


Mol Per Cent 

After 3 Years 

Souponent 
52.0 44.0 
6.3 4.9 
1.5 
6.5 0.2 
Cs 3.6 0.1 
Ce 3.4 0.1 
22.9 49.2 
100.0 100.0 

API Gravity 50 37 


mediate (Cy to C6) components out of the reservoir 
oil. The original oil composition was 52 per cent 
methane and 23 per cent C7, components. After 
three years of injection, the oil composition had 
changed to 44 per cent methane and 49 per cent 


C74. The API gravity of the produced crude had 
changed from 50° to 37° API. 


CONCLUSIONS 


Based on the field studies performed to date, 
four basic conclusions have been reached. 

1. Fluid compositional data obtained from the 
nonequilibrium calculation are essential in designing 
surface separation and plant facilities. It was found 
that, because of phase behavior, produced oil and 
gas compositions undergo marked changes during 
the producing history of an injection program, 
necessitating periodic changes in separator con- 
ditions for maximum stock-tank recovery. 
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2. The net effect of phase behavior in all calcula- 
tions performed is to give substantially improved 
recovery and lower gas-oil ratios than would have 
been predicted by conventional methods of analysis. 

3. In the case of volatile oils being produced by 
dry-gas injection, recovery derived from phase 
behavior equaled that of the displacement mechanism. 
Although there are no rules of thumb relating to 
the volatility at which phase behavior becomes 
important, it is felt that dry-gas injection for an oil 
shrinkage of 1.5 or greater justifies a nonequilibrium- 
type analysis. Considering a heavy crude, the non- 
equilibrium displacement analysis is considered 
necessary only for injected-gas compositions of 
15 per cent or more intermediates (C2 to C6). 

4. The basic assumptions and limitations dis- 
cussed earlier do not appear to seriously restrict 
the application of this analysis to field studies. 
In fact, a substantially improved analysis should 
result for reservoirs in which phase behavior is an 
important factor. 


NOMENCLATURE 


v =volume of fluid at reservoir conditions 
= fraction of total flow that is gas 
K, =relative permeability to oil, fraction 
K , =relative permeability to gas, fraction 
p =feservoir pressure, psia 
V = mols of gas per mol of total fluid 
Se = average gas saturation in segment, fraction 
T =reservoir temperature, °R 
x = composition of oil, mol fraction 
y = composition of gas, mol fraction 
z = composite fluid composition, mol fraction 
Z = gas compressibility 
= oil viscosity, cp 
Hg = gas viscosity, cp 
p = average viscosity 
K = equilibrium vaporization ratio 
m = mols of fluid 
MWT = molecular weight 


bottom-hole flowing gas-oil ratio 


SUBSCRIPTS 


c = critical constants 
segment number 


Il 


Il 


liquid 
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APPENDIX 
BASIC EQUATIONS UTILIZED 


EQUILIBRIUM FLASH 
Equilibrium flash = 


is = 0 1 
VC 
Vika) © 


Eq. 1 is used to calculate V the mols of gas per 
mol of fluid, for all reservoir and surface flashes. 
The equation is solved using the Neutonian® itera- 
tion technique. Eqs. 2 and 3 are used to calculate 
the molar composition of equilibrium gas and liquid 
resulting from each flash. 


CALCULATION OF PHYSICAL 
PROPERTIES OF OIL AND GAS 

The following data are calculated as a function 
of composition for both the gas and oil following 
every flash calculation. 


Gas 


1. Gas Compressibility (Z): 

Pseudo-reduced temperature = /p. 
Z is evaluated from a table of standard compressi- 
bility vs reduced temperature and pressure. 

2. Gas Viscosity (tg): 

The determination of gas viscosity is based on 
the procedure and curves outlined in Fig. 6 of Ref. 
4, which relates gas viscosity at a given pressure 
and temperature as a function of gas density. Two 
curves are used in the nonequilibrium gas displace- 
ment calculation to bracket the range of reservoir 
pressure, All values of viscosity are determined by 
interpolating between the two curves. 

3. Gas Volume (vg): 

= ZRTmg/p 


Pseudo-reduced temperature 


Liquid 
1. Volume Per Mol (v ): 

(a) Laboratory Data — A laboratory curve of mol 
per cubic centimeter vs mol fraction of the ‘‘plus 
component’’ in the liquid is used to calculate 
liquid volume at reservoir conditions. The labora- 
tory-data curves are at two pressures which 
bracket the tange of interest so that any value 
can be obtained by a linear interpolation. These 
basic data are obtained during the K-value deter- 
mination. 
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(b) Published data — Apparent liquid density 
X[(gal/mol) (x)] 

The calculated liquid density is corrected for 
reservoir pressure and temperature using the pro- 
cedure outlined in Ref. 5. 

This corrected density is then used to calculate 
a correct volume per mol for liquid using the fol- 
lowing procedure. 


> ((MWT) (x)] 


corrected liquid density 


2. Liquid Viscosity: 

These data are obtained from two laboratory- 
determined curves of viscosity vs the mol fraction 
of plus component in the liquid for two pressures 
which bracket the pressure range of interest. 


DISPLACEMENT AND TWO-PHASE FLOW 


d(In Ko/Kg) 


Ho 
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Sg 

Eqs. 4 and 5 (Buckley-Leverett displacement) are 
solved simultaneously for a value of S, at the dis- 
placing-gas front that will satisfy Eq. 6. The 
Neutonian iteration technique? is used for this 
solution. These equations are used to determine 
the volume of fluid displaced from the segment which 
is being invaded by the front. 


Ko Hg 


Eq. 7 is used to determine the relative volume of 
oil and gas flowing in each segment behind and 
ahead of the front. 

FLUID COMPOSITIONS (z,) 


The composition and volumes of fluid in each 
segment at the beginning of one displacement step 
is derived from four sources, as indicated by Eq. 8. 


(mol of disp. gas) (y) 
+ (mol of resid. gas), (y). 
+ (mol of disp. liq.) (*) 5-4 


+ (mol of resid. liq.) (x), 


S(mol of disp.liq.and gas +resid. liq.and gas) 
. (8) 
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Multiple Liquid Phases in a Natural-Gas System 


LOWELL STROUD 
WILL E. DE VANEY 
JOHN E. MILLER 


ABSTRACT 


During a recent phase study of a natural gas, two 
stable equilibrium liquid phases were observed at 
temperatures below -—200°F and pressures above 
200 psi. This paper reviews the published literature 
on the occurrence of multiple equilibrium liquid 
phases and presents analytical data for the vapor 
and two equilibrium liquid phases of the liquefied 
natural gas at five experimental conditions. In 
addition, data for 30 conditions of two-phase equi- 
libria are included. 


INTRODUCTION 


The low-temperature phase behavior of gases, 
most of which contained helium, has been investigated 
in the laboratories of the Helium Activity for many 
years. Since 1952, experimental studies of these 
systems have been continuous as part of the research 
program at Amarillo, Tex. Because of their value 
to private industries interested in participating in 
the Helium Conservation Program, several ‘‘Open 
File’’ reports containing phase equilibria data for 
helium-bearing natural gases have already been 
released by the Helium Activity. A paper containing 
information on the general phase behavior, operat- 
ing criteria and extensive vapor-liquid data for two 
helium-containing systems was recently published.? 
Additional publications presenting experimental 
data on the phase relationships of various gas 
systems are now in process and will be available 
in the near future. 


PREVIOUS EXPERIMENTAL WORK 


Although the formation of multiple liquids has 
been reported for various systems, to our knowledge 
this paper is the only substantiated evidence of a 
vapor-liquid-liquid equilibria in a naturally occurring 
gas. In 1940, Vink, Ames, and others!3 reported 
the presence of two liquid phases in a hydrocarbon 
system consisting of mixtures of crude oils, solvents 
and natural gas. Eilerts and co-workers? published 
data on the recombined fluids from a gas-condensate 
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well. This condensed gas, containing approximately 
76 per cent methane and 24 per cent ethane-plus, 
exhibited two distinct liquid phases. Weinaug and 
Bradley14 observed ‘‘unusual’’ phase behavior in 
a reservoir mixture. These workers postulated that 
the anomalous phase behavior was due to the 
“imminent formation of a second liquid phase’’. 
Botkin, Reamer, Sage and Lacey! studied two 
California crude oils that exhibited multiple phases. 
Kohn and Kurata19 recently reported two equilibrium 
liquid phases inthe methane-hydrogen sulfide system. 
Roof and Crawford11 and Eakin, et al,©° also have 
reported experiments with binary systems that formed 
two stable equilibrium liquid phases. 


APPARATUS AND PROCEDURE 


A U. S. Bureau of Mines Phase Equilibrium Appa- 
ratus was used in conducting this study. The appa- 
ratus and procedures employed in its operation have 
been previously described3 and will not be repeated 
in detail in this report. Briefly, the apparatus con- 
sists of a windowed cell which can be maintained 
within +0.5°F for temperatures between room tem- 
perature and -320°F. Pressure within the cell can 
be maintained within 0.1 per cent of gauge reading 
up to 800 psig. 


Equilibrium vapor and liquid samples are obtained 
in special containers4 for analysis by a mass spec- 
trometer. Although the accuracy of the analyzer is 
about +0.1 mol per cent, the reproducibility of the 
phase-equilibrium apparatus is considered relatively 
poor. Values reported from methane and nitrogen are 
considered accurate to +1.0 and +0.6 mol per cent. 
Data for ethane-plus in the vapor are accurate with- 
in 0.2 mol per cent; liquid-phase data for this aggre- 
gate component are accurate within 1.5 mol per cent. 
For helium in the vapor phase, the analytical data 
are accurate within 0.2 mol per cent; liquid-phase 
analyses for this component were obtained by the 
charcoal adsorption method described by Frost® 
and are accurate within 0.006 mol per cent. 


All of these references to the accuracy of reported 
values are conservative estimates based upon a 
statistical treatment of reproducibility data obtained 
with the apparatus. 
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MATERIALS TABLE 2 - VAPOR PHASE, HOGBACK GAS 


The natural gas from which dual liquid phases Oe cet 


were produced was obtained from the inlet gas line 
to the Navajo helium plant at Shiprock, N.M. At the (psia) (°F) Methane Ethane Propane plus gen Helium 
time of sample collection in 1958, the plant was 100 -100 34.5 3.0 1.0 0.0 Ne 54578 
supplied with the helium-bearing natural gas from =125~ 33.7 2.8 9.6 
Pan American Petroleum Corp. Wells 13 and 17, -150 34.2 2.0 
located in the Hogback field of San Juan County, N.M. ‘0 57.0 8.0 
Composition of the gas is shown in Table 1. Carbon -225 32.0 od 0 0 59.8 8.0 
dioxide, present to the extent of 2.2 mol per cent, 
and traces of moisture were removed from the gas 200 
before experimentation; therefore, the data of Table 34.4 1.5 
1 are on a COp- and water-free basis. For reporting =-175 34.9 7 0 1 56.4 8.0 
convenience, the gas is considered as one of only -200 32.2 02 0 ey 
—225 23.4 Tr. 66.7 99 
six components — methane, ethane, propane, butanes- 
300 -100 34.5 2.4 ol 55.0 7.4 
plus, nitrogen (including argon) and helium. 34.3 2.0 55.9 7.6 
The composition of Hogback gas differs greatly 
from most helium-bearing natural gases. Methane 5.6 0 
concentration in Hogback is less than that of nitrogen =225 717.5 5 0 OPN 
and is only about half that in the natural gases 400 —100 34.6 2.3 4 0) BGR 7S 
supplied to other Bureau of Mines plants. The nitrogen 
content is twice that in the gas processed at the 
Amarillo, Tex., and Keyes, Okla., plants and is more —200 26.3 0 
than three times that in the gas supplying the Exell, —225 13.5 | 0 0 71.6 14.8 
Tex. helium plant. Even more unusual is the high 500 
helium content of Hogback gas — more than three 33.3 9 «57.5 8.2 
times that in Amarillo or Keyes gases, and seven 7S 
times that in Exell gas. -200 24.6 a .0 0 64.9 10.4 
Tr. is less than 0.05 mol per cent. 
EXPERIMENTAL RESULTS 
VAPOR-LIQUID DATA 
Results of mass spectrometer analyses of two- TABLE 3 — LIQUID PHASE, HOGBACK GAS 
phase equilibria in Hogback gas are shown in Tables (MOL PER CENT) 
2 and 3, Temper- 
Press. ature Butanes- Nitro- 


As an illustration of general phase behavior, the 
400-psia data are plotted in Fig. 1. 
It should be emphasized that the data shown in 


(psia) (°F) Methane Ethane Propane plus gen Helium 


100 -100 4.8 8.2 27.1 57.6 2.4 .016 


-125 5.2 16.1 33.9 44,5 
Tables 2 and 3 and Fig. 1 apply only to two-phase -150 39.1 007, 
vapor-liquid equilibria in Hogback gas. At lower S175 15.005 
temperatures and at pressures above 200 psi, two $200 35-8 21,2 2.2 
f h -—225 37.2 25.3 15.8 19.4 2.3 .002 
tions are treated separately in the following section 200 —100 se 4 43.8 2.9 .018 
of this paper. Fig. 1 does not show a maximum -125- 11.6 22.3 27.9 35.8 2.6 .012 
value for nitrogen in the vapor — a common char- 21,7 35.5 2.6 .008 
-175 21.6 27.3 2223 27.4 1.4 .009 
—200 36.8 24.7 15.9 18.7 3.8 .005 
TABLE 1 COMPOSITION OF HOGBACK GAS 
(MOL PER CENT) 300 —100 12.0 17.7 26.7 40.6 Bi (OU7/ 
Methane 32.9 32.9 -175 31.1 25.4 18.6 21.5 3.4 .020 
—225 58.2 9.1 5.3 6.0 21.4 .038 

Propane 1.8 1.8 
Butane 9 400 —100 17.0 20.0 22 35.4 6.3 .029 
-125 20.1 23.5 23.0 29.1 4.3. .058 

7 2.6 
3 -—150 24.2 24.1 20.1 27.7 3.9 .063 
A -175 37.4 21.9 15.8 19,2 5.6 .032 
Cyclopentane 0 —200 54.9 13.8 8.4 9.2 13.6 .043 
Hexanes-plus 3 —225 50.8 6.3 3.8 5.5 33.4 .142 
51.8 52.4 500 =100"" "18.8" 
Argon a6 -125 21.6 20.1 20.0 33.0 5.4 .082 
—150 31.1 24.0 13.7 2267 8.5 .066 

7.0 7.0 . 

Helium a -175 42.8 19.7 13.5 15.5 8.4 .048 
Total 100.0 100.0 —200 54.2 11.1 6.9 7.4 20.3 .114 
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FIG. 1—VAPOR-LIQUID DATA, HOGBACK GAS, 400 
PSIA. 


acteristic for nitrogen in natural-gas phase relation- 
ship data — because colder temperatures which 
would have been required to produce it resulted in 
the formation of two liquids. A maximum concentra- 
tion of methane in the liquid was reached before 
the anomalous phase behavior occurred and is shown 
in the figure. It is also noted that the helium content 
of the vapor phase increases sharply at temperatures 
below —200°F. 


VAPOR-LIQUID-LIQUID DATA 


At 500 psia and —250°F, it was observed that two 
stable equilibrium liquid phases were present. Runs 
at 200, 300 and 400 psia and —250°F, and 500 psia 
and ~—225°F also produced the anomalous phase 
behavior. Samples of the vapor and both liquid 
phases were taken at these five conditions. The 
analytical results are presented in Table 4, and a 
photograph showing two equilibrium liquid phases 


FIG. 2—TWO EQUILIBRIUM LIQUID PHASES IN HOG- 
BACK GAS AT 400 PSIA AND -250°F. 


in Hogback gas at 400 psia and —250°F is shown 
in Fig. 2. 

What appears to be a white material on the window 
of the cell is actually a deposit of finely divided 
metal from a stirrer blade that had contacted the 
inside surface of the window during operation of 
the apparatus prior to the present study. 


The experimental apparatus was not designed to 
permit direct sampling of two discrete liquid phases; 
however, by sampling the lower liquid and then 
carefully draining the cell until only the upper 
liquid remained, fairly representative samples of 
the upper liquid were obtained. The limitations of 
this sampling technique were recognized but it was 
considered worthwhile to obtain samples of the upper 
liquid, even though the analytical data might not 
represent true equilibrium conditions. Vink13 and 
co-workers encountered a similar problem; they had 
to void the vapor and upper liquid phases in order 
to sample a lower liquid phase. 


Although the data contained in Table 4 are too 
few for significant representation by plotting, they 


TABLE 4 — VAPOR-LIQUID-LIQUID COMPOSITIONS, HOGBACK GAS (MOL PER CENT) 


200 psia 300 psia 400 psia 500 psia 500 psia 
— 250 °F — 250 °F — 250 °F — 250 °F — 225 °F 

Upper Lower Upper Lower Upper Lower Upper Lower Upper Lower 
Component Vapor Liquid Liquid Vapor Liquid Liquid Vapor Liquid Liquid Vapor Liquid Liquid Vapor Liquid Liquid 
Methane 7.6 50.7 50.9 7.6 4.7 28.8 39.0 25.9 4.4 38.4 34.2 UPA 
Ethane Trace* 12.5 13.3 OO aSez 12.4 0.0 3.5 13.9 Trace 5.] 13.8 0.1 4.5 12.4 
Ethane-plus Trace 31.7 33.5 Trace 7.3 45.8 0.0 6.6 54.1 0:2 10.3 43.5 
Nitrogen Wey Wks 15.5 69.5 50.6 15.4 Died S69, 11.8 48.8 46.9 11.6 67.9 45.7 15.4 
Helium 16.7 22.8 .149 .040 37.1 -034 46.8 19.9 383 -058 


* Trace indicates less than 0.05 mol per cent. 
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do reveal the following. 

1. At 200 psia and -250°F, the compositions of 
the two liquid phases are almost identical except 
for their helium contents. The upper liquid contained 
about four times the helium concentration in the 
lower liquid. 

2. With respect to the 300 and 400 psia data at 
~250°F, the corresponding liquid phases at each 
pressure, except for helium content, are fairly 
similar in composition. The chief difference in the 
vapor phases at these two conditions is a helium 
content of 37.1 mol per cent at 400 psia, compared 
to 22.8 mol per cent at 300 psia. This difference in 
the partial pressure of helium may account for the 
increased helium concentration in the upper liquid 
at the higher pressure. The helium contents of the 
lower liquids at both pressures are about the same. 

3. Comparison of the 400 and 500 psia data at 
—250°F shows the chief difference to be in the 
vapor phases, where the helium content at 500 psia 
is 46.8 mol per cent compared to 37.1 mol per cent 
at 400 psia. The helium content of the upper liquid 
at 500 psia is .511 compared to .389 mol per cent 
at the lower pressure. 

4, The ratio of helium content in the upper liquid 
to that in the lower liquid is approximately four 
at both 200 and 300 psia and -—250°F; at 400 and 
500 psia this ratio is about 10 and may be a reflec- 
tion of the increased partial pressure of helium due 
to increasing helium concentration in the vapor 
phase. The concentration of helium in the lower 
liquids increases about fourfold between 200 and 
300 psia and then remains essentially constant at 
the higher pressures. 

5. Comparison of the 500 psia data at —225° and 
~250°F shows the effect of reduced temperature at 
constant pressure. Considerably less methane and 
nitrogen content in the vapor phase at the colder 
temperature result because of the increase in the 
per cent of the feed gas that is condensed. As a 
consequence, the helium content of the vapor phase 
more than doubled, increasing from 19.9 mol per cent 
at —225°F to 46.8 per cent at —250°F; the composi- 
tion of the two liquid phases, except for ethane-plus, 
does not change markedly as a result of the lower 
temperature. The helium content of the upper liquid 
phase increased from .383 mol per cent at —225°F 
to .511 at —250°F, while the helium content of the 
lower liquid remained essentially unchanged. 


DISCUSSION AND CONCLUSIONS 


The limited vapor-liquid-liquid data obtained in 
this study are too meager for adequate interpretation. 
The sampling technique which had to be employed 
for the upper liquid phase probably introduced errors 
which prevent the analytical data from being exactly 
representative of equilibrium conditions. For this 
reason no emphasis has been placed on determining 
equilibrium vaporization constants, K, for the various 
components. Nevertheless, the unusual phase be- 
havior of Hogback gas merits some discussion. 

The anomalous behavior of Hogback gas probably 
is not a retrograde phenomenon. The only apparent 
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requirements for the formation of the two liquid 
phases were that the temperature be colder than 
about —200° or —225°F and the pressure be higher 
than about 200 psi. 

Glasstone? points out that two partially miscible 
liquids may, upon saturation with each other, become 
a conjugate solution wherein the two liquid systems 
are in equilibrium with each other. As the temperature 
is raised, the composition of the two layers approach 
each other (note data for 200 psia and —250°F in 
Table 4). The mutual solubilities of the two liquids 
increase with increasing temperature, and finally 
a point is reached where the two liquids become 
identical in composition. The temperature at which 
this occurs is known either as the critical solution 
temperature (D. O. Masson, 1891) or the consolute 
temperature (W. D. Bancroft, 1894) of the system. 

Although the critical solution temperature of 
Hogback gas was not determined precisely, visual 
observations during the tests indicated it to be 
between —200° and -225°F. The minimum pressure 
required to obtain two liquid phases appeared to 
be about 200 psi. Data shown in Table 4 for this 
pressure and —250°F show a similarity in composi- 
tion between both liquids, indicating proximity to 
critical solution conditions. 

During the summer of 1959, water flooding of the 
Hogback wells occurred and the wells were reworked 
and extended to lower depths. Samples taken after 
these modifications show compositions radically 
different from that used in this study. This has pre- 
cluded any further study of the unusual behavior 
exhibited by the original gas, but gas from the 
Pan American Corp. Navajo C-1 well, now supply- 
ing the Bureau of Mines helium plant at Ship- 
rock, is known to exhibit multiple condensed phases. 
A phase study of this system has been scheduled 
for next year. : 

In an effort to produce a two-liquid system, a 
synthetic mixture containing nitrogen, methane, 
ethane and helium, in concentrations equivalent to 
their values in Hogback gas, was prepared. Several 
experiments with this mixture, including all those 
that resulted in two liquid phases in Hogback gas, 
plus additional runs at temperatures as low as 
-320°F, failed to produce two liquids. It might be 
concluded, therefore, that hydrocarbons heavier than 
ethane in Hogback gas were responsible for the 
two-liquid phase formation in that system. The 
presence of a nonparaffinic hydrocarbon compound 
has been suggested recently as a cause of the 
unusual phase behavior in Hogback gas. As a part 
of the future study of Pan American Navajo C-1 gas, 
analyses for benzene and other nonparaffinic hydro- 
carbons will be made. 


REFERENCES 


1. Botkin, D. F., Reamer, H. H., Sage, B. H., and Lacey, 
W. N.: Fundamental Research on Occurrence and 
Recovery of Petroleum, API (1943) 62; (1944) 42. 


2. Brandt, L. W., Stroud, L. and Miller, J. E.: Jour. 
Chem. Eng. Data (1961) Vol. 6, No. 1, 6. 


3. Brandt, L. W. and Stroud, L: Ind. Eng. Chem. (1958) 


SOCIETY OF PETROLEUM ENGINEERS JOURNAL 


SEPTEMBER, 


Kee Barr, V. L., Mullens, 


Vol. 50, 849, 


. Brandt, L. W.: Chem. Anal. (1956) Vol. 45, 106. 


Brown, G.G., Katz, D. L., Oberfell, G. G. and Alden, 
R. C.: Natural Gasoline and the Volatile Hydrocar- 


bons, NGAA, Mid-West Printing Co., Tulsa, Okla. 
(1948) Section 1. 


. Eakin, B. E., Ellington, R. T. and Gami, D. C.: Inst. 


Gas Tech. Bull. (1955) 26. 


M. B. 
5S, 154, 


and 
Hanna, B.: Pet. Eng. (1948) Vol. 19, No. 


. Frost, E. M., Jr.: RI 3899, USBM (1946). 
. Glasstone, S.: 


Textbook of Physical Chemistry. 
Second Ed., D. Van Nostrand, N. Y. (1946) 721-26. 


1961 


10. 


13. 


14. 


Kohn, J. P. and Kurata, F.: 
4, 211. 

Roof, J. G. and Crawford, N. W.: Jour. Phys. Chem. 
(1958) Vol. 62, 1138-39. 

Standing, M. B.: Volumetric and Phase Behavior of 
Oil Field Hydrocarbon System, Reinhold Publishing 
Cow, N.Y. (11952). 

Vink, D. J., Ames, A. M., David, R. A. and Katz, 
D. L.; Oil and Gas Jour. (1940) No. 39, 34. 
Weinaug, C. F. and Bradley, H. B.: ‘‘Phase Behavior 


of A Natural Hydrocarbon System’’, Trans., AIME 
(1951) Vol. 192, 233. 


AIChE Jour. (1958) No. 


141 


4 
= 

[| 


The Calculated Performance of Solution-Gas-Drive 
Reservoirs 
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ABSTRACT 


Several methods are available for calculating the 
performance of solution-gas-drive reservoirs from 
the PVT properties of the oil and from the relative 
permeability and other properties of the formation. 
These methods require a number of simplifying as- 
sumptions. The present method of computation has 
made use of a high-speed computer to solve simul- 
taneously the nonlinear partial differential equations 
that describe two-phase flow by solution-gas drive 
in order to calculate the performance of a reservoir. 
Some of the results obtained by the nonlinear partial 
differential equation solution are compared with 
those obtained with an approximate method, which 
has been called the semisteady-state solution. The 
pressure and saturation profiles from the wellbore 
to outer boundary calculated by the two methods are 
compared for one constant-terminal-rate case and 
two constant-terminal-pressure cases. The agree- 
ment in these profiles, as well as in the values of 
average reservoir pressure and cumulative recovery, 
leads to the conclusion that, for most engineering 
calculations, the semisteady-state method will give 
a reasonable approximation to the numerical solution 
of the differential equations describing solution-gas 
drive, 

An unfavorable (as regards ultimate oil production) 
set of relative permeability curves was used in the 
calculations in the belief that the effect of the 
parameters which were studied would be emphasized 
to a greater degree. Furthermore, the reservoir was 
assumed to be completely homogeneous, and these 
results should not be considered applicable to any 
other type of reservoir. Gravity effects are not con- 
sidered. 

The absolute permeability was varied from 25 to 
0.5 md. At an economic limit of 2 B/D, the recovery 
for a 25-md reservoir is about 1,8 times as great as 
that for a 0.5-md reservoir. The effect of permea- 
bility on the producing gas-oil ratio is minor. Once 
PVT properties of the oil and the relative permea- 
bility properties of the reservoir are fixed, the pro- 
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ducing gas-oil ratio is found to be a function of the 
fraction of oil recovered. 

Well spacings of 10, 40 and 80 acres were con- 
sidered. For the assumed homogeneous-reservoir 
properties, the effect of spacing on recovery at an 
economic limit of 2 B/D was very slight. 

Certain dimensionless groups can be used to 
extend the results to other fields having different 
permeabilities, spacings, reservoir thicknesses, 
well radii and porosities, so long as the PVT and 
relative permeability properties are similar to those 
used in this paper. 


INTRODUCTION 


An important aspect of reservoir engineering is 
the prediction of the performance of the reservoir 
based on the limited information normally available 
early in the life of a field. Usually, soon after a 
field has been discovered, it is necessary to decide 
upon the spacing to be employed and the production 
program to be used for most efficient utilization of 
reservoir energy. Where these decisions have not 
been dictated by legal or political considerations, 
they have frequently been based on experience 
factors which indicate that two fields with similar 
characteristics will probably have similar perform- 
ances. To the extent that the industry has been 
successful in economically exploiting oil reservoirs, 
this rule-of-thumb method has been found to have 
merit. 

A large amount of theory has been developed 
with which it is possible to predict the performance 
of a reservoir by using certain known properties of 
the oil and the formation. Because of the difficulties 
of the mathematics involved for a drainage area 
having square or rectangular boundaries, the problem 
usually has been simplified and idealized by assum- 
ing each drainage area to have radial symmetry and 
the field to be represented by a number of these 
drainage areas, Muskat! was one of the first to 
formulate the theory for two-phase flow and to solve 
the equations for a few cases by numerical integra- 
tion, using the relatively slow means of computing 
available at that time. His equations describing 


lReferences given at end of paper. 
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multiphase flow in the presence of gravity are called 
‘“exact’’ equations in this paper, even though it is 
recognized they require gross assumptions regarding 
phase behavior and relative permeability concepts, 
Muskat later? simplified the two nonlinear, second- 
order differential equations to one nonlinear, first- 
order differential equation giving an approximation 
that could be solved easily by numerical methods. 
This gave a means of determining the pressure and 
saturation of the reservoir at the external boundary 
and of calculating an ‘‘average’’ performance of the 
reservoir. Calculations showing the effect of reser- 
voir fluid and rock characteristics on production 
histories were made by Muskat and Taylor in 1946. 
In 1955, Arps and Roberts* used the simplified 
equation of Muskat to calculate the performance of 
solution-gas-drive reservoirs for a large number of 
different relative permeability ratios and solution- 
gas-oil ratios. The curves presented in their paper 
gave a rapid means of determining the relation be- 
tween recovery and average pressure in a reservoir 
if the average kg/ko, solution gas-oil ratio and oil 
gravity were known. 


The development of the very high-speed computer 
with large storage capacity made possible a numer- 
ical solution of the ‘‘exact’’ equations for unsteady- 
state two-phase flow. West, Garvin and Sheldon5 
were the first ones to do this by replacing the deriv- 
atives by finite differences. Their method was pro- 
gramed for the IBM 701 computer, and the results 
for one set of conditions were presented for both a 
radial and a linear flow system. The present report 
will show the results obtained by a variation of the 
West method used with a program written for the IBM 
704 computer. Some details of this method will be 
discussed later. In addition, the results of the exact 
method (that is, the computational results of the 
finite-difference equations representing the exact 
equations of Ref. 1) will also be compared with the 
semisteady-state results for three cases, 


PURPOSE OF THE WORK 


This work was undertaken for three primary pur- 
poses: (1) to compare the solution-gas-drive results 
obtained by the exact method with those obtained 
by an approximate method in order to determine 
whether the latter is suitable for engineering pur- 
poses; (2) to compare a constant-terminal-rate with 
a constant-terminal-pressure method of production; 
and (3) to determine the effect of absolute permea- 
bility and spacing on the recovery at economic 
limit from homogeneous solution-gas-drive reser- 
voirs, 


These objectives have been reached only to the 
extent that a single set of PVT and relative per- 
meability data has been used. In a sense, therefore, 
the work to be discussed is exploratory, and the 
objectives will not be attained entirely until other 
cases are considered. 
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RESERVOIR CHARACTERISTICS 
AND ASSUMPTIONS 


The PVT properties of the oil and gas are shown 
in Fig. 1. Fig. 2 gives the gas and oil relative per- 
meability relationship. It is apparent to one ac- 
quainted with various types of relative permeability 
curves that the ones shown are ‘‘unfavorable’’; that 
is, they will result in a low ultimate oil production. 
These curves were chosen intentionally, with the 
idea that such relative permeability data might 
emphasize the effect of the various parameters. 

It was assumed that the reservoir was at the 
bubble-point pressure and had the following addi- 
tional characteristics: =.0,1395 5S = 
23.5 ft, ry = 1/3 ft and py, = 2,060 psig. 

Three different external boundary distances were 
used — 372, 745 and 1,053 ft — corresponding to an 
equivalent circular area of 10, 40 and 80 acres, 
respectively. The reservoir was assumed to be 
horizontal, completely homogeneous and not to be 
affected by gravity. Vertical differences in pressure 
due to hydrostatic gradient were neglected. The 
relative permeability values indicated by Fig. 2 
were assumed to be independent of the absolute 
permeability of the formation. At the critical gas 
saturation of 2 per cent (corresponding to a total 
liquid saturation of 98 per cent), the relative per- 
meability to gas was taken to be zero. There was 
no free gas initially in the reservoir. 

Throughout this report, the term ‘economic limit’”’ 
will refer to an arbitrarily chosen minimum produc- 
tion rate of 2 BOPD. Thus, the oil recovery at 
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FIG. 1 — PVT PROPERTIES OF THE OIL AND GAS. 
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economic limit will mean the cumulative recovery 
when the production rate has reached 2 B/D. This 
cumulative recovery will be expressed either in 
barrels or as a per cent of the initial oil in place. 


The program for solution of the exact equations 
on the IBM 704 allows one to specify either the 
wellbore rate or pressure as a function of time. In 
addition, one other condition must be specified, 
namely, the minimum pressure to which the produc- 
ing well can go. For all the calculations of this 
report, the minimum well pressure was assumed to 
be 50 psig. In those cases where the specified rate 
could be maintained long enough to obtain a cumu- 
lative recovery of at least 3 per cent of the initial 
oil in place, the problem has been called a ‘‘con- 
stant-terminal-rate’’ case. Where the specified rate 
could not be maintained for this amount of production, 
the problem has been called a ‘‘constant-terminal- 
pressure’’ case. Obviously, all problems automati- 
cally became constant-terminal-pressure cases when 
the wellbore pressure reached 50 psig. 
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METHODS OF SOLUTION 


The preceding section discussed the properties 
of the reservoir rock and the crude in it, as well as 
the shape and orientation of the reservoir itself. It 
also mentioned that gravity effects were neglected. 
Two different things are meant by this: (1) buoyancy 
effects resulting from density difference were not 
considered; and (2) the effect of the varying hydro- 
static head on the pressure at the various elevations 
throughout the thickness of the formation was neg- 
lected. If this last effect were not neglected, then 
at any fixed distance from the well the pressure 
would be lowest at the top of the formation and 
more gas would be evolved at the top of the forma- 
tion than at any point directly below it. This would 
necessitate determining the pressure and satura- 
tion not only as a function of the distance from 
the well, but also as a function of the vertical 
position within the reservoir. This cannot be done 
with available methods. In neglecting both gravity 
effects, in fact, we are essentially considering an 
infinitesimally thin reservoir. Of course, results 
based on this thin-reservoir concept are applied 
later to practical cases where variations in hydro- 
static head may be as large as 100 psi (and higher), 
but usually-are less. Also, when a nominal back- 
pressure of, say 50 psig is put on a formation, the 
actual back-pressure will depend on the position 
along the producing interval. These nominal back- 
pressures are usually referred to the midpoint of 
the producing interval. Although not strictly so, 
the numerical results based on the thin-reservoir 
concept will refer to the horizontal plane through 
the midpoint of the producing interval. The pres- 
sure and saturation are then only a function of the 
distance from the well, and the system of differen- 
tial equations describing solution-gas-drive reser- 
voirs can be written as 


1 0 kro op d [So 
r Or Bg bg Or 
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At the outer boundary, both pressure and satura- 
tion gradients vanish, whereas at the well the pro- 
duction rate or the pressure can be specified. In 
addition, the initial pressure and saturation distri- 
bution are specified. 

This system of differential equations and its 
associated conditions have been solved by two 
different methods, both numerical. In one method, 
Eqs. 1 and 2 are represented by finite-difference 
equations after the substitution 
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has been made. The range of a is divided into M 
equal increments, as shown schematically in Fig. 
3. (M = 30 for most of the calculations in this report.) 
The pressures are obtained at the midpoint of the 
cells, whereas the saturations are obtained at the 
cell boundaries. Whenever saturations are needed 
at the midpoints of the cells, these are obtained 
from the arithmetic average of the saturations at 
the adjoining cell interfaces. The resultant equa- 
tions are, in general, 
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These equations are modified near the inner and 
outer boundaries to incorporate the proper boundary 
conditions and are then solved on an IBM 704, by 
procedures similar to those reported by West, Garvin 
and Sheldon,° to give pressure and saturations at 
the time increment 1/2. The pressures and satura- 
tions corresponding to the end of the time step are 
obtained from those at the beginning and midpoint 
of the time step by linear extrapolation. 

The program is designed to double the time in- 
terval of each succeeding time step, providing this 
gives convergence. There are also provisions for 
reducing the time interval to any level required to 
give a convergent series of iterations. A maximum 
time interval could also be specified. About 40 
time steps were usually required to complete a 
problem. 

It should be pointed out that significant cumula- 
tive errors can resuit from approximating the deriv- 
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atives by finite differences. However, cumulative 
material balances run at each time step indicated 
small errors, with representative errors at the end 
of the run being 1 bbl of oil and 800 cu ft of gas. 


The factor 5.615 appearing in Eqs. 4 and 5 and 
the factor 1.127 x 10-3 appearing in Eqs. 6 and 7 
result from the fact that input data for the problem 
are expressed in practical engineering units. That 
is, data required for the system of Eqs. 4 through 7 
are given in units of barrels per day, feet, centi- 
poise, millidarcies and pounds per square inch. In 
fact, except in the basic Eqs. 1 and 2, practical 
units are used throughout this report. 

It was stated earlier in this report that one of the 
purposes of the work was to compare the numerical 
solution of Eqs. 1 and 2 with the solution obtained 
by an approximate method which will be called the 
semisteady-state solution. The present authors wish 
to point out that the basic derivation of the approx- 
imate method was undertaken many years ago by A. 
F. van Everdingen, E. H. Timmerman and G. Stewart 
of Shell Oil Co., but the results have never been 
publicly circulated. More recently, the Koninklijke/ 
Shell Laboratorium, The Netherlands, have used 
the assumptions proposed by van Everdingen, Tim- 
merman and Stewart to derive an equation which 
could be integrated very simply on a medium-speed 
computer, 

The approximation proposed by van Everdingen, 
et al, consisted in assuming that, at any one instant 
of time, both the rate of decline of stock oil in place 
and the total gas-oil ratio are everywhere constant. 
With the assumption that the rate of decline of 
stock oil in place is everywhere constant, the right- 
hand side of Eq. 1 becomes equal to the production 
rate divided by the reservoir pore volume. Workers 
at the Koninklijke/Shell Laboratorium have pointed 
out that the resultant expression can be integrated 


directly to give 
Pp Ankhpp De 
8) 
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when the integrand is evaluated at constant GOR 
conditions. The pressure and saturation relation- 
ship which results in a constant total GOR every- 
where is the same as given by Muskat,2 and is 
called the differential material balance. Results of 
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this single integration of Eq. 8 will yield pressures 
and saturations as a function of rp, and further 
manipulation of the results will yield production- 
history curves. 


NUMERICAL RESULTS 


COMPARISON OF THE EXACT 
AND APPROXIMATE METHODS 


One of the purposes of this study was to compare 
results obtained by the exact and the approximate 
(or semisteady-state) methods of solution, discussed 
previously. For this comparison, three cases were 
calculated by the exact method on the IBM 704, 
and some of the same data were used to obtain a 
solution by the approximate method. Table 1 shows 
the results for a constant-terminal-rate case in a 
reservoir with 40-acre spacing and 25-md permea- 
bility. The external boundary pressures and pro- 
duction rates used were the same as those calcu- 
lated by the IBM 704, and the pressure and satura- 
tion distribution, average pressure and per cent 
recovery were calculated for several periods in the 
production history. It can be seen that the results 
agree quite well. The average reservoir pressures 
are always within a few pounds per square inch, 
although this result is not surprising since the 
outer boundary pressures were assumed to be the 
same and the average pressure is always nearly 
equal to the outer boundary pressure. The recoveries 
are also in very good agreement by both methods. 
The biggest difference is in the producing gas-oil 
ratios, which are too low by the approximate method 
when the reservoir is producing at the assumed 
constant rate and too high when the rate can no 
longer be maintained and the problem becomes 
essentially a constant-terminal-pressure case. In 
every case, the constant gas-oil ratio used for the 
approximate method is that obtained from the dif- 
ferential material balance for the pressure and 
saturation at the outer boundary. This present case 
and the other two to be discussed later all indicate 
that, later in the life of a field, the actual gas-oil 
ratio is more favorable (lower) than would be anti- 
cipated from the differential material balance at 
the same average reservoir pressure. The higher 
gas-oil ratios are the result of the lower oil satura- 
tions calculated by the approximate method than 
those obtained by the exact method. This can be 
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FIG. 4—PRESSURE AND SATURATION PROFILES FOR 
A CONSTANT-TERMINAL-RATE CASE. 


saturation distributions throughout the reservoir 
obtained by both methods. It is evident that in this 
case the semisteady-state method gives too high a 
pressure near the wellbore and, therefore, a some- 
what higher pressure distribution throughout the 
reservoir at any given instant. For the correspond- 
ing times, the oil saturations throughout the reser- 
voir are first slightly higher by the approximate 
method and then slightly lower. However, as indi- 
cated in Table 1 and Fig. 4, the general results 
obtained by the two methods are in reasonable 
agreement. It should be pointed out that the use of 
a log scale to plot the radial distances for the 
pressure and saturation distributions shown in Fig. 
4 (also Figs. 5 and 6) essentially overemphasizes 
that portion near the producing well, which com- 


seen in Fig. 4, which shows the pressure and prises a very small percentage of the drainage 
TABLE 1 — COMPARISON OF THE EXACT AND APPROXIMATE METHODS 
FOR THE SAME PRODUCTION RATE AND EXTERNAL BOUNDARY PRESSURE 
Dp Nop R By 

Guives Drs I (psia) (per cent) (cu ft/bbl) (psia) 

(Figs 4) (psia) (B/D) Exact Approx. Exact Approx. Exact Approx. Exact Approx 
a-a 1,770 50.0 1,751 1,751 3.34 3.36 2,340 2,350 1,273 1,304 
b—b” 1,605 50.0 1,581 1,581 4.28 4.23 4,570 4,150 865 940 
c—c 1,485 50.0 1,453 1,457 4.75 4.67 6,610 5,840 480 610 
d—d 1,400 50.0 1,368 1,368 4.99 4.92 7,680 7,320 153 277 
e-e 1,115 26.8 1,086 1,088 5.64 5.62 12,790 13, 150 65 119 
f-f 730 10.1* 71) 712 6.24 6.26 21,110 23, 130 65 65 
9-9 240 1.14** 233 235 6.83 6.91 27,730 30,210 65 65 


*g, = 9.71 B/D by the approximate method. 
**g, = 1.02 B/D by the approximate method. 
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FIG. 5—PRESSURE AND SATURATION PROFILES FOR 
A CONSTANT-TERMINAL-PRESSURE CASE, k = 25 MD. 


volume. 

Table 2 gives a comparison of the results for 
two constant-terminal-pressure cases for reservoirs 
of 80-acre spacing and of 25-md and 2.5-md perme- 
ability, respectively. In both cases, the approximate 
solutions were calculated by using the same exter- 
nal boundary pressures as were obtained by the 
exact method, as well as the same constant terminal 
pressure of 65 psia. Shown in the table are the 
average reservoir pressures, gas-oil ratios, per cent 
recoveries and production rates. As in the case 
discussed previously, agreement of the various 
values is very good. The largest discrepancy of 
about 10 per cent is in the production rate calcu- 
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FIG. 6—PRESSURE AND SATURATION PROFILES FOR 
A CONSTANT-TERMINAL-PRESSURE CASE, k = 2.5 MD. 


lated for the 25-md reservoir at a value of po = 
1,757 psia. As the outer boundary pressures de- 
crease, however, the production rates agree more 
closely. For the 2.5-md case, the agreement is 
good in all instances. The pressure and saturation 
distributions for these two cases are shown in Figs. 
5 and 6, respectively. The pressure distributions 
in both cases are almost identical but, of course, 
were assumed to be the same at the inner and outer 
boundaries. The slight differences in saturation 
distributions are the result of the assumptions made 
for the semisteady-state method. 

Fig. 7 shows a typical set of curves of gas-oil 
ratio as a function of radius for the 2.5-md reser- 


TABLE 2 — COMPARISON OF THE EXACT AND APPROXIMATE METHODS 
FOR THE SAME EXTERNAL BOUNDARY PRESSURE AND CONSTANT TERMINAL PRESSURE 


Npp 
De ee (psia) (per cent) 
(Curves) (psia) (psia) Exact Approx. Exact Approx. 
A = 80 Acres, Rk = 25 md 
(Fig. 5) 
65 1,708 3.21 3.24 
imi 1,413 65 1377 1,378 4.78 4.82 
1,077 65 1,054 1,050 5.66 
lol ‘529 65 519 517 6.38 6.53 
A = 80 Acres, k = 2.5 md 
(Fig. 6) 
m—m 1,825 65 1,778 hve) 2.78 2.75 
n—-n 1,610 65 1,567 1,569 4.12 4.06 
p-p 1,330 65 1,297 1,296 5.03 5.06 
q-q 1,135 65 1,107 5.49 5.55 
r—r 890 65 871 868 5.92 6.01 
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R 
(cu ft/bbl) (B/D) 

Exact Approx. Exact Approx. 
2,600 2,470 108.8 119.4 
6,350 7,110 53.3 52.4 

12,830 14,000 24.6 23.7 

24,280 27,850 5.12 4.71 
1,940 1,840 13.0 14.3 
4,090 4,090 7.88 8.37 
8,130 8,610 4.32 4.33 

11,620 12,730 2.82 2.72 

17,090 18,920 1.54 1.46 
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FIG. 7—GAS-OIL RATIO PROFILES FOR A CONSTANT- 

TERMINAL-PRESSURE CASE, k = 2.5 MD. 
voir. The curves are for the same instant as the 
corresponding curves in Fig. 6. It is perhaps sur- 
prising that, although initially the gas-oil ratio at 
the wellbore is higher than at the outer boundary, 
this situation soon reverses, and during much of 
the producing life, the gas-oil ratio is less at the 
producing well than at the boundary. This was true 
in all the cases calculated by the exact method. 
The maximum variation in gas-oil ratio from outer 
boundary to wellbore was found to be about 10 per 
cent, so the assumption of a constant gas-oil ratio 
used in the approximate method of solution is not 
too radical. It should be emphasized that these 
results were obtained for a particular set of PVT 
and relative permeability data and may not be 
applicable if the PVT properties are drastically 
changed, 


EFFECTS OF PERMEABILITY AND SPACING 
Some of the results obtained by the exact method 
of solution on the IBM 704 are shown in Table 3. 
It can be seen that the effect of spacing on the 
economic recovery becomes greater as the permea- 
bility decreases. For permeabilities of 25 and 2.5 
md, the recovery efficiency is decreased from 6.75 
to 6.64 per cent and from 5.80 to 5.74 per cent, 
respectively (slightly over 1 per cent of the total), 
when the spacing is increased from 10 to 80 acres. 
However, for a permeability of 0.5 md the recovery 
efficiency is decreased from 3.85 to 3.53 per cent 
(about 7 per cent of the total) for the same increase 
in spacing. The effect of permeability on the eco- 
NMomic recovery is much more pronounced. At the 
economic limit of 2 B/D, the per cent recovery for 
a 25-md reservoir is about 1.8 times as great as 
that for a 0.5-md reservoir. This difference in re- 
covery for different permeabilities is, except for 
spacing effects, entirely the result of having to 
stop production when a minimum is reached; it 
should not be construed as a difference in the pro- 
duction mechanism. The calculated values indicate 
that the maximum production for the same spacing, 
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TABLE 3 — SOME RESULTS OF CALCULATIONS OBTAINED 
BY THE EXACT METHOD OF SOLUTION ON THE IBM 704. 


Oil Recovery 


per Spacing Time to 

Constant Constant Unit at Economic 
Spacing k Terminal Terminal Economic Limit pD 
(acres) (md) _Rate Pressure Limit (bbl) (days)  (%)_ 
10 25.0 x 10,600 410 6.75 
40 25.0 x 42,200 1,680 6.73 
80 25.0 x 84,100 3,360 6.71 
80 25.0 x 83, 200 2,680 6.64 
10 2.50 x 9,100 1,030 5.80 
380 2.50 x 72,000 8,600 5.74 
10 0.50 x 6,030 1,560 3.85 
80 0.50 x 44,200 14,300 3.53 


without regard to economic rates, would be inde- 
pendent of the absolute permeability. This trend 
can be seen in Fig. 8, where the production rate 
has been plotted against per cent cumulative oil 
produced for reservoirs of 25-, 2.5- and 0.5-md per- 
meabilities. If the production had been continued 
to very low rates (<0.1 B/D), all the curves would 
have come together at about the same recovery 
efficiency of around 7.3 per cent. It is evident that, 
if the economic limit of production had been raised 
to about 5.5 B/D, no oil would have been produced 
from the 0.5-md reservoir because its maximum 
production rate at initial reservoir pressure was 


only 5.3 B/D. 
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Fig. 8 also shows that, for a constant terminal 
pressure and at a given permeability, the closer- 
spaced wells will produce at a higher rate than the 
wider-spaced wells at the same per cent recovery. 
This means that the closer the spacing, the faster 
a well will drain a given fraction of oil from its 
drainage area. The time required to reach the econ- 
omic limit is also shown in Table 3. It can be seen 
that, for a given permeability, the time is approxi- 
mately proportional to the spacing. Based on the 
associated cumulative production and rate perform- 
ance, one could choose a spacing to optimize profits. 

Only one case was run in which the effect of rate 
of production on the economic recovery was indi- 
cated. Fig. 8 shows the curve of rate vs per cent 
cumulative oil produced for a well which initially 
produced at a constant terminal rate of 200 B/D, 
which was four times greater than the constant 50- 
B/D production of the other wells for the 25-md 
reservoir. After approximately 1 per cent of the 
initial stock tank oil in place had been produced 
at 200 B/D, the well pressure reached the limiting 
50-psig value; thereafter, the well produced as a 
constant-terminal-pressure case. It can be seen that 
at the economic limit the production from this well 
was 6.64 per cent, compared to 6.71 per cent from 
an identical well whose initial rate was one-fourth 
as great. However, Table 3 shows that the time to 
reach economic limit was 2,680 days, compared to 
3,360 days. Thus, if the well produces at approxi- 
mately the maximum attainable rate at all times, 
the operating life is decreased about 25 per cent, 
while the economic recovery is decreased only 
about 1 per cent of the total recovery. 

Fig. 9 shows a plot of the average recovery effi- 
ciency at the economic limit as a function of per- 
meability. This curve shows that a formation having 
a kh product of about 5 md-ft (0.215 md x 23.5 ft) 
would not be able to produce any oil at a rate of 2 
B/D. Similarly, extension of the curve to higher 
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permeabilities would indicate that, no matter how 
great the permeability, the maximum recovery effi- 
ciency would be about 7.3 per cent at the economic 
limit. (This recovery efficiency compares with a 
value of 7.32 per cent obtained by differential 
material balance at a pressure of 50 psig.) Shown 
also in Fig. 9 is the average gas-recovery efficiency 
(defined as standard cubic feet of produced gas 
divided by standard cubic. feet of gas initially in 
place) as a function of oil-recovery efficiency. For 
the 0.5-md reservoir about 10 per cent of the original 
gas has been produced at the economic limit, while 
for the 25-md reservoir about 68 per cent of the 
original gas has been produced. In any economic 
evaluation, this difference in produced gas must be 
considered. 


GAS-OIL RATIO AND CUMULATIVE OIL PRODUCED 

Fig. 10 is a plot of the producing gas-oil ratio 
for various per cent recoveries for all the runs 
listed in Table 3. No attempt has been made to 
distinguish between the various cases, but it is 
obvious that at the same recovery the effects of 
permeability and spacing on the producing gas-oil 
ratio are minor. Thus, once the PVT properties of 
the oil and the relative permeability properties of 
the reservoir are fixed, the producing gas-oil ratio 
will be essentially independent of the spacing and 
of the absolute permeability. The peak occurs at a 
recovery of about 6.75 per cent and starts to decline 
after that in the normal way. 
EXTENSION OF RESULTS BY 
DIMENSIONLESS GROUPS 

It was emphasized earlier that the results obtained 
in this study were for a particular set of fluid and 
reservoir properties. Therefore, it will be of interest 
to determine whether the range of applicability of 
the results can be extended by the use of some 
dimensionless groups pertinent to depletion-type 
reservoirs. 

The theory of dimensionally scaled models of 
petroleum reservoirs has been adequately discussed 
in papers by Rapoport® and Geertsma, et al.” Proper 
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dimensionless expressions for the time, oil-produc- 
tion rate and cumulative oil production can be writ- 
ten as follows. 


1.266 (10-2) (p; — p,,)k 


Lod (72 


kh (pi — Py) 

Nip qop 4tp. 


. (11) 


These equations* have been used to calculate 
the values of the dimensionless quantities for all 
the problems discussed in this report. Fig. 11 shows 
a plot of dimensionless rate as a function of dimen- 
sionless time, The parameters that have been varied 
are the permeability, which ranged from 0.5 to 25 
md, and the external radius, which ranged from 372 
to 1,053 ft. It can be seen that the points lie essen- 
tially along two curves which can be classified 
according to whether the problem approximated a 
constant-terminal-pressure case (lower curve) or a 
constant-terminal-rate case (upper curve). It was 
mentioned earlier that, although only one problem 
was actually a constant-terminal-pressure case, 
several others approximated it in that the producing 
well pressure dropped to the minimum permissible 
value in a relatively short time after oil production 
started. The duration of this transient effect for 


*Great care should be exercised in using Eqs. 9 and 10 to 
extend results to other systems having properties different from 
those used in this report. 


those problems intended as constant-terminal-rate 
cases determined whether the points fell closer to 
the upper or to the lower curve of Fig. 11. Thus, it 


might be said that the constant-terminal-pressure 
curve is a limiting curve giving the maximum dimen- 
sionless rate at any dimensionless time, and that 
all rates less than this maximum will produce a 
series of dimensionless curves which must fall 
above the limiting curve. Those runs which behaved 
as constant-terminal-rate cases did so until a di- 
mensionless time of about 50 was reached. 

For constant-terminal-rate cases, the dimension- 
less rates determined from Eq. 10 will vary with the 
wellbore pressure. For constant-terminal-pressure 
cases, the dimensionless rates will vary proportion- 
ally to the actual production rate, while the pressure 
drop has the highest possible value. Because the 
pressure drop is the highest possible, the dimen- 
sionless production rate for the constant-terminal- 
pressure case is less than that for the constant- 
terminal-rate case, 

The curves of Fig. 11 give a means of determining 
the oil-producing rate at any time for other permea- 
bilities, spacings, sand thicknesses, well radii and 
porosities, One need calculate only the values of 
real time and rate from the dimensionless values, 
using Eqs. 9 and 10. Thus, the results of this re- 
port can be extended to other reservoirs having 
similar PVT and relative permeability character- 
istics. 

Fig. 12 is a plot of dimensionless cumulative oil 
production as a function of dimensionless oil rate. 
Here again, there is a spread in a portion of the 
curve, depending on whether the early production 
was at constant terminal pressure or at constant 
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FIG. 11 — DIMENSIONLESS OIL RATE AS A FUNCTION OF DIMENSIONLESS TIME. 
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FIG, 12 — DIMENSIONLESS CUMULATIVE OIL PRODUC- 
TION AS A FUNCTION OF DIMENSIONLESS OIL RATE. 


terminal rate. For dimensionless rates below a value 
of 0.01, the cumulative production is independent 
of initial rate. The use of Figs. 11 and 12, therefore, 
allows one to determine the producing rate and 
cumulative production at any time in the life of a 
well. 


CONCLUSIONS 


Based on the results discussed previously for a 
completely homogeneous reservoir and for the range 
of conditions as given, the following conclusions 
can be made. 

1. The methods described in this report provide 
a useful means for calculating the performance of 
solution-gas-drive reservoirs. To solve the exact 
equations governing two-phase flow, a high-speed 
computing machine with large storage capacity is 
required. By comparison, the semisteady - state 
method does not require such high-speed computers 
and can be calculated by means of an IBM 650 or 
equivalent. For the ranges covered in this report, it 
has been shown that for engineering calculations 
the semisteady-state method will give a satisfactory 
approximation to the correct solution. 

2. At an arbitrarily chosen economic limit of 2 
B/D, the per cent recovery for a 25-md reservoir is 
1.8 times as great as that for a 0.5-md reservoir. 
This is not the result of a difference in production 
mechanism but, rather, is the result of arbitrarily 
cutting off production when a minimum rate is reached. 
The lower this economic rate, the more nearly will 
the recovery be independent of permeability. 

3. Producing gas-oil ratio is essentially inde- 
pendent of both spacing and permeability at the 
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same value of fractional recovery. 

4. The effect of well spacing on recovery at an 
economic limit of 2 B/D is not significant for per- 
meabilities above 2.5 md (corresponding to a kh = 
60 md-ft). For a 0.5-md permeability (=~ 12 md-ft), 
the recovery is decreased about 7 per cent for a 
change in spacing from 10 to 80 acres. 

5. For the PVT and relative permeability prop- 
erties given in this report, certain dimensionless 
gtoups can be used to extend a given set of results 
to other fields having different permeabilities, spac- 
ings, reservoir thicknesses, well radii and poros- 
ities. The effect of whether early production is at 
constant terminal rate or constant terminal pressure 
is important; however, for dimensionless rates less 
than 0.01, the cumulative dimensionless production 
is independent of initial rate. 


NOMENCLATURE 


A = area, acres 
Bg = gas formation volume factor, bbl/cu ft 
Bo = oil formation volume factor, bbl/bbl 
Bo; = initial oil formation volume factor 
@ = porosity, fraction 
bh = thickness of reservoir, ft 
k = absolute permeability, md 
rg = telative permeability to gas, fraction 


kyo = relative permeability to oil, fraction 


M = total number of cells into which reservoir is 
divided 
m = cell number 
N = initial oil in place, bbl 
Np = cumulative oil produced, bbl 


Npp = cumulative oil produced, fraction or per cent, 
= N,/N 
p = pressure, psi 
Pp = pressure, dimensionless, = p/pp 
p = average pressure, psi 
Py = bubble-point pressure, psi 
Pp; = initial pressure, psi 
Pe = pressure at external boundary, psi 
Pw = pressure at wellbore, psi 
Yo = oil-production rate, B/D 
Gop = oil-production rate, dimensionless 
r = radius, ft 
Tp = tadius, dimensionless, = r/r,, 
Te = external boundary radius, ft 
TDe = external boundary radius, dimensionless, 
= Ty 
Tw = well radius, ft 
R = producing gas-oil ratio, cu ft/bbl 
Rg, = solution gas-oil ratio, cu ft/bbl 
Sp, = gas Saturation, fraction 
So = oil saturation, fraction 


So; = initial oil saturation, fraction 


_ 


= total liquid saturation, fraction 

= critical water saturation, fraction 
t = time, days 

tp = time, dimensionless 
7 = time increment, days 

ig = gas viscosity, cp 

Ho = oil viscosity, cp 


Lob = oil viscosity at bubble point, cp 
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Flow in Heterogeneous Porous Media 
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ABSTRACT 


Techniques for studying the performance charac- 
teristics of heterogeneous reservoirs have been 
developed. The effect of permeability variation on 
both the steady-state and the transient flow of a 
single fluid has been investigated. Limited com- 
parisons with field and laboratory data have been 
made. 

The physical models studied consist of random 
three-dimensional arrays of homogeneous porous 
blocks. The permeabilities of the individual elements 
are assigned according to a specific distribution 
function; uniform anisotropy is introduced by varying 
the relative dimensions of the blocks. A particular 
model is perturbed simply by re-arranging its ele- 
ments at random. The behavior of a physical model 
is determined by digitally solving its numerical 
analogue. 

Based on computational experiments, subject 
to the restrictions implied by the assumptions that 
were made, the following general conclusions have 
been drawn. 

1. The most probable behavior of a heterogeneous 
system approaches that of a homogeneous system 
with a permeability equal to the geometric mean of 
the individual permeabilities. 

2. The effects of flow geometry and anisotropy on 
the most probable value of the effective permeability 
of a heterogeneous medium are finite but not signif- 
icant. 


3. The permeability determined from a pressure 
build-up curve for a heterogeneous reservoir gives 
a reasonable value for the effective permeability of 
the drainage area. 

4. A qualitative measure of the degree of hetero- 
geneity and its spatial configuration are obtained 
from a comparative study of core analysis and 
pressure build-up data. 

It has been indicated that these conclusions are 
predicated on the assumption that the core analysts 
and the pressure build-up data represent true reser- 
voir characteristics. Common sources of error in 
these data have been discussed. 
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INTRODUCTION 


One of the most significant problems of reservoir 
engineering is that of determining the nature and 
the disposition of the heterogeneities that inevitably 
occur in petroliferous formations. It is with this 
problem that this paper is concerned. 

Extensive research, both theoretical and experi- 
mental, has provided reasonable descriptions of the 
physical processes that are associated with primary 
and secondary recovery mechanisms. Similar progress 
in the field of numerical analysis and the evolution 
of truly high-speed digital computers have made it 
feasible to calculate the behavior of these mecha- 
nisms under almost any environmental conditions. 
It appears to be logical, then, to conclude that the 
mechanistic performance of any reservoir can be 
predicted with some confidence. Unfortunately, 
a necessary condition for the validity of this con- 
clusion is that the formation be adequately described 
in a macroscopic sense. This condition cannot be 
satisfied in general; therefore, a frustrating situation 
currently exists — it is possible to compute the 
effect of reservoir heterogeneity on behavior, but 
it is not possible to specify the heterogeneity itself. 
In many cases, the predicted behavior of a project 
is so completely dominated by. irregularities in the 
formation’s physical properties that the gratuitous 
assumption of a particular form for the variation 
can reduce the solution of the problem to a mere 
tautological exercise. 

While all porous media are microscopically 
heterogeneous, only macroscopic fluctuations need 
be considered since the fundamental concepts of 
reservoir mechanics are based on macroscopic 
quantities. For the simplest case in which only one 
physical property varies from point to point, the 
degree of heterogeneity that is apparent depends on 
three distinct factors, i.e., the nature of the prop- 
erty’s variation (frequency distribution), its disposi- 
tion (spatial distribution) and the inherent stability 
of the mechanism being studied. Consequently, any 
attempt to devise an unambiguous scale of heter- 
ogeneity must take these factors into account. 

Since this investigation is intended to be explor- 
atory, it will be restricted to single-phase flow 
because of the simplification implied; both steady- 
state and unsteady-state behavior will be considered. 
Furthermore, to keep the number of parameters 
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within reasonable limits, only variations in the 
absolute permeability will be permitted. 

Although the problem under consideration deals 
with the effects of permeability variations on flow 
through porous media, analogous problems exist 
whenever potentials are involved, e.g., thermal con- 
duction, electrical conduction, molecular diffusion, 
electrostatics and magnetostatics. Historically, 
Maxwell! first evaluated the conductivity of a com- 
posite medium which was comprised of a uniform 
matrix with random, spherical inclusions of a dif- 
ferent material; Rayleigh2 extended this work by 
obtaining exact series solutions for ideal geometries. 
More recently, Odelevskii? and Brown* proposed 
general methods for determining the effective con- 
ductivity of two-component systems; Brown’s paper 
included a useful bibliography for the subject. An 
attempt to extend the theory to systems containing 
more than two components was made by Korneenko,5 
but his results applied to rather specific geometries. 
None of these analogous investigations suggested 
a plausible approach to the subject problem. 

The first real attempt to study heterogeneous 
permeability was apparently that reported by Law;® 
he used the log-normal distribution function to 
represent permeability variations. Useful limits for 
the effective permeability of a heterogeneous medium 
were suggested by Cardwell and Parsons;’ they 
correctly indicated the effect of weighing the sam- 
ples. Muskat® considered the effect of stratification 
on cycling operations; log-normal, exponential and 
linear permeability distributions were discussed. 
The influence of stratification, with no cross-flow 
between layers, on waterflood performance was 
indicated by Stiles? and Dykstra and Parsons.!° 
McCarty and Barfield11 proposed a method for 
including lateral permeability variations in the 
computation of flood patterns. Houpert 12 studied 
permeabilities that could be expressed as analytic 
functions of position; Albert, et al,13 derived general 
expressions for the transient behavior of reservoirs 
that had arbitrary permeability distributions and 
presented some numerical results. The effects of 
heterogeneity on miscible displacement were reported 
by Blackwell, et al;14 Mamedov!5 and Douglas, 
et al16 considered immiscible displacement with 
crossflow between layers of different permeability 
by analytic and numerical methods, respectively. 
The transient behavior of a reservoir composed of 
noncommunicating layers was investigated by 
Lefkovits, et al;17 both depletion and build-up per- 
formance were analyzed. An excellent discussion of 
the problem of reservoir heterogeneity was presented 
by Hutchinson;!8 a comprehensive bibliography 
for the subject was contained in this publication. 
Despite a large number of reported studies, in 
addition to those cited here, none of them indicated 
a reasonably systematic method for investigating 
the role played by heterogeneity in the performance 
of a reservoir. 

The objectives of this project can be stated 


lReferences given at end of paper. 
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quite simply as follows: to study the effect of the 
disposition of heterogeneous permeabilities on 
single-phase flow when the nature of the heterogeneity 
is known, i.e., the frequency distribution is given; 
and to determine if it is possible to infer the presence 
and the probable configuration of the heterogeneity 
from data obtained by conventional well tests and 
core measurements. 

The achievement of these objectives, even in a 
qualitative sense, should help to diminish some of 
the uncertainty usually associated with the in- 
formation required to predict reservoir performance. 


PHYSICAL PROBLEM 


The existence of heterogeneous reservoir permea- 
bilities has always been admitted, but the extent 
and the significance of these irregularities have 
been disputed. Vertical permeability variations have 
generally been assumed because they can be justi- 
fied by the nature of depositional processes. On the 
other hand, lateral variations have largely been 
ignored despite the fact that sedimentation is rarely 
uniform even over reservoir distances. Probably a 
lack of information has contributed to the perpetu- 
ation of such inconsistent reasoning. 

The sources of useful information for describing 
petroleum reservoirs are severely limited. Geolog- 
ically, some knowledge of structure, sedimentation 
and composition may be available. Continuity, net 
pay, porosity and fluid saturations may be esti- 
mated from appropriate well logs. From core analysis, 
permeability, porosity, pay thickness and fluid 
saturations may be obtained; the permeability of 
the formation and completion damage may be cal- 
culated from pressure build-up data. Injectivity and 
productivity tests may be used to evaluate the 
flow capacity of the formation and, if profiles are 
recorded, to obtain a crude indication of the vertical 
variation in flow capacity immediately adjacent to 
the wellbore. Since this study is concerned with 
changes in permeability, only data from core analysis 
and build-up tests will be assumed to be acceptable. 

Although the sample size, based on the cored 
interval, is infinitesimal when compared to the 
reservoir itself, it is essential to assume that the 
sample is volumetrically representative; then, the 
nature of the heterogeneity can be estimated from 
core data. The permeability determined from a build- 
up test represents an effective average over the 
drainage area of the well; therefore, it can be 
assumed that this value is a measure, albeit an 
indirect one, of the disposition of the heterogeneity. 
To achieve the objectives of this investigation, the 
core analysis data must be operated upon in such a 
manner that all spatial distributions of heterogeneous 
permeabilities, allowing for both vertical and lateral 
variations, may be considered. Then, a distribution 
corresponding to the one reflected by the value of 
the build-up permeability must be found. If the 
selected distribution can be used to synthesize a 
build-up curve that matches the measured one, the 
spatial configuration has a reasonable probability 
of being qualitatively correct. Agreement must be 
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considered to be only qualitative since uniqueness 
cannot be generally assumed. 

To put the problem in a form that is amenable to 
mathematical formulation, it is assumed that the 
reservoir can be simulated by a three-dimensional 
ensemble of uniform, homogeneous, porous blocks 
in which the permeability of each element corresponds 
to that of one of the core samples; this model is an 
extension of the analog and analytic models used 
by Fatt!9 and Rose29 to study the microscopic 
flow behavior of porous media. Since it has been 
assumed that the core samples are volumetrically 
representative, uniform weighting is implied; so, 
the original frequency distribution must persist in 
the model and the total number of blocks must be 
some multiple of the number of core samples. To 
compensate for our ignorance, a mechanism for 
randomly re-arranging a fixed number of elements 
in a given geometry must also be included to permit 
a statistically significant number of permutations 
to be considered. 

This physical model indicates the three factors 
that apparently control heterogeneous behavior and 
must be examined, i.e., the permeability distribution 
as inferred from core data, the flow geometry and 
the number of elements. The first factor includes 
the effect of the distribution function, the range 
of permeabilities and the class interval; the second 
reflects the drainage area, formation thickness and 
well penetration; and the third is actually a measure 
of the degree of heterogeneity that is present. The 
importance of the first two factors is evident, and 
no amplification is necessary. The significance 
of the last factor becomes apparent when the 
limits are considered. Because of uniform weight- 
ing, the minimum number of elements is equal to 
the number of core samples; for the minimum case, 
there is a high probability that any rearrangement 
of the elements will produce a meaningful effect 
since there is virtually no redundancy, or entropy, 
present. As the number of elements is increased, 
the effect of rearrangement decreases until the 
system tends to behave homogeneously as the 
number becomes very large. Thus, it is obvious, 
in passing from the truly heterogeneous case to 
the homogeneously heterogeneous one, that the 
probable behavior of the proposed model should 
approach some limit while the possible behavior 
limits remain invariant; i.e., the maximum and 
minimum permeabilities are unchanged. 

The generality of the results obtained through the 
use of this model will depend on the validity of the 
assumptions involved in its development; therefore, 
the principal assumptions should be explicitly 
stated. They are the following. 

1. Atrue distribution function for reservoir permea- 
bility can be obtained from core analysis information. 

2. The weighted average permeability of the drain- 
age can be determined from pressure build-up data. 

3. Random spatial distributions of permeabilities 
may exist in reservoirs; 1.e., vertical and lateral 
variations may be of the same order of magnitude. 

4, A heterogeneous reservoir can be adequately 
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simulated by some particular array of uniform porous 
elements which have the same permeability-distri- 
bution function as the reservoir itself. 

The first two assumptions are quite broad and 
will be discussed further in.a subsequent section. 
The last two assumptions are not particularly 
restrictive; Assumption 3 is certainly true for 
some cases, and Assumption 4 only requires that 
a sufficient number of elements be used. 


MATHEMATICAL PROBLEM 


The mathematical problem was divided into three 
parts. The first part consisted of generating random 
arrangements of the individual elements of the 
physical model; the second required that the behavior 
equations for the physical model be solved; and 
the last involved the determination of the effective 
permeability of the physical system. 


ORDERING 


Random spatial distributions were generated by 
determining a set of N values of permeability from 
the specified distribution function, or reading in 
the N values directly, assigning a random number 
to each of the N permeabilities, ordering the per- 
meabilities according to the magnitudes of the 
assigned random numbers and establishing a one-to- 
one correspondence between the ordered permea- 
bilities and the mesh points of the physical model. 
Random numbers were generated by the method of 
Taussky and Todd.?! 


where 
The chosen value of p gave a sequence with a 
period approximately equal to 2 x 101%, By retaining 
the first random number for any case, it was possible 
to reproduce the distribution if required. 


BEHAVIOR EQUATIONS 


The behavior equations for the physical model 
were solved by numerical methods. To establish 
these discrete approximations, the physical model 
was constrained to be a rectangular parallelopiped 
composed of homogeneous volume elements with 
dimensions of Ax, Ay and Az. A mesh point was 
placed at the center of each element to define a 
three-dimensional rectangular mesh within the 
model. The mesh spacing was uniform in each 
direction so that the co-ordinates of the mesh points 
were iAx, jAy and kAz, respectively; 1 <i < p, 
1<j<q,1<k<rand =N, the total number 
of elements. 

The behavior equation that was approximated was 
the following. 


div [ k grad p| = Suc 


The conditions imposed on the solutions were the 
usual ones of pressure and flux continuity at the 
internal boundaries. The continuous time-discrete 
Space approximation of Eq. 2 was based on the 
seven-point formula. 


(3) 
where 


=p 


For the steady-state case, Eq. 3 was solved with 


d;,;,R = 0 and the following boundary conditions. 
Quasi-linear flow between opposing faces, 
Bion 

oO 
Koj,k 
(4) 


Quasi-radial flow into a well located at 


X=igAx and y=joAy (2 Sig Sp-1, 2 <jo< q-1), 


IA 


Koj sk = =Ki,oyk = 


where r’ and r’’ denote the limits on a partially 
penetrating well. The solution was uniquely deter- 
mined by the N simultaneous equations together 
with one of the boundary conditions. This deter- 
minate set was expressed in matrix form, shown 
later, and was solved by the procedure described 
in Appendix A, the modified Chebyshev semi-iterative 
method, 22 


For the transient behavior, d; ; # 0, only one 
case was considered, i.e., flow from a 
bounded reservoir into a well at (i, Ax, j,Ay). The 
imposed conditions, required for a constant rate of 
production followed by a shut-in period, were the 
following. 


t=O 


[ 4, + 


A well-set problem was determined by Eq. 3 and 
the conditions given by Eq. 7. To make the numerical 
solution compatible with that used for the steady- 
state case, the boundary condition at the well was 
approximated according to the method suggested by 
Douglas, et al;1© in this manner, the wellbore 
pressure for any time period was treated as a constant 
that was completely determined by the past history; 


where 
l 
q-qg 
AxAyAz 
k=r 


The set of simultaneous differential equations was 
solved by the Crank-Nickolson method,23 described 
in Appendix B; the matrix form of these equations 
was that which follows. 


PERMEABILITY DETERMINATION 


After the steady-state pressure distribution was 
calculated, the effective permeability of the heter- 
ogeneous system was determined from the general 
equation for flow between two equipotential sur- 
faces, For the two surfaces S$, and S, maintained 
at potentials of unity and zero, respectively, 
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where dS, for a homogeneous medium 


with the same geometry. The discrete approximation 
used to evaluate Eq. 10 was the following. 


In the quasi-linear case, I’’ was obtained directly 
Since it involved only the area-length ratio. 


When flow was quasi-radial, I’’ was determined by 
solving a homogeneous case with the same ge- 
ometry. 


rq 


To determine the effective permeability during 
transient flow, a pressure build-up test was simu- 
lated. The well was produced at a constant rate 
for a time period equal to t,; then, for t > t,, the 
well was shut in and the build-up history was 
recorded. Conventional analysis was applied to the 
build-up data; the wellbore pressure was plotted 
against log (t — t,/t), the slope of the straight-line 
segment was measured and the effective perme- 
ability was calculated with the following equation. 


BU sh 
where s = slope of linear portion (psi/cycle) and 


b 


rAz = formation thickness (ft). 


EXPERIMENTAL COMPUTATION 


To permit an orderly investigation of the behavior 
of the proposed model, a distributation function 
P(K) had to be specified; for our purposes, P(K) 
was the probability that a given permeability value 
was less than or equal to K. Several distribution 
functions were considered; they were the log-normal 
exponential, skewed log-normal, linear and dis- 
continuous. The equations and characteristics of 
these functions were tabulated as Table 1. The 
frequency, or probability density, functions which 
correspond to these distribution functions were 
sketched in Fig. 1, i.e., the derivative of P(K) 
with respect to K or In K. The discontinuous case 
was not included since its frequency function was 
simply a pair of delta-functions. ; 

For computational purposes, it was necessary 
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that the continuous distribution function be replaced 
with a discrete one. This was accomplished by 
stipulating the number of elements in the model, 
N, the number of class intervals, M, and the ratio 
of the maximum and minimum permeabilities to be 
included in the discrete version, R; then, the pa- 
rameters and limits were obtained from the continuous 
form; e.g., 


2N 


After the approximate distribution was calculated, 
it was characterized by a number of statistical 
measures; they were the following. 


n 
K, = arithmetic mean K, 
n 
Ky = harmonic mean = n/ > (1/K;) 


n \/n 
Kg = geometric mean = i K| 


Ky = median; P(K,y) = 1/2 


K 


m= mode; P(K,,) = maximums 


Of these quantities, only the first three were deter- 
minate for all distributions. 


Because of the Monte Carlo-type of model chosen, 
it was necessary to interpret the results probabi- 
listically. For each combination of distribution 
function — N, M, R and geometry — a series of 
effective permeabilities K, were generated as the 
elements of the model were randomly re-arranged. 
According to the central-limit theorem, these K,,’s 
should have asymptotically formed a normal dis- 
tribution; this was verified by the data shown in 
Fig. 2. Furthermore, by virtue of the law of large 
numbers, the true values for the ‘‘most probable’’ 
permeability and the standard deviation should have 
been approached as noo, Since only a finite number 
of runs were possible, it was obvious that a method 
for estimating the necessary parameters was needed. 


Based onthe assumption that the sample analyzed 
was representative of the population, a maximum- 
likelihood estimate for the ‘‘expected’’ permeability 
was obtained from the following equations. 24 

m 
A | 
2 
Using this estimate for the most probable value, 
expected value or arithmetic mean of the K, — dis- 
tribution, the standard deviation of the sample was 
determined. 
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A maximum-likelihood estimate of the population’s 
standard deviation was calculated from o and m. 


where 


m Z 3 4 5 6 8 | 10 | @ 


C(m)||798 |.886].921 |.940).951 |. 965 


Confidence limits were assigned to K by utilizing 
the well known ‘‘Student’’ 7-distribution together 
with the standard deviation of the sample; i.e., there 
was a probability of l—e that the true mean value 
was contained in the interval K -AK< K < K + AK. 


The variation of AK with the number of runs was 
illustrated by Fig. 3. 

The computational process was halted by placing 
the following restrictions on the number of runs m. 
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lA 


where .0O! 
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The value of m* was chosen to guarantee that AK/ 
K < .10 for m* > 3 with a confidence level of .995. 

It was previously postulated that the standard 
deviation for the K associated with a given distri- 
bution function was a function of the redundancy, 
or entropy, of the system. The relative redundancy 
@ was defined in the following manner. 


k 


n= number of elements in the ith class. 


The parameter @ was taken to be a measure of the 
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scale of heterogeneity; for a homogeneous case, 
0 was equal to zero. For the other extreme, k = N, 
6 was equal to unity. 

For the transient cases, only a single run was 
made for each combination of distribution function 
— N, M, R and geometry — since the time required 
for computation was quite large. After the effective 
permeability was determined from the build-up data, 
Kpy>atelative measure of the degree of heterogenity 
A was assigned to that particular spatial configura- 
tion for a particular distribution function by means 
of the following equation. 


(Ky Kay) (Kay Ky) 


A A 


The values for K,4 and Ky were obtained from the 
original distribution function; K was determined 
from steady-state calculations; and Kg y was based 
on transient behavior. The form of A was such that 
it gave the correct limiting results; i.e., complete 
heterogeneity was indicated when the system was 
ordered in either parallel or series, and homogeneous 
heterogeneity was assigned when the system was 
completely disordered. 


DISCUSSION OF RESULTS 


STEADY STATE 


The first step in the investigation was designed 
to determine if there was a single permeability 
value that could be used to characterize a hetero- 
geneous medium with a given distribution function. 
The first distribution function that was studied was 
the log-normal — sometimes called the Gibrat, 
Kapteyn or Galton-McAlister distribution. This was 
considered to be the most natural distribution since 
reasonable physical models for its genesis have 
been suggested;25 Law § introduced it for describ- 
ing permeability distributions. A series of computa- 
tional experiments were performed on a cubic model 
composed of cubic elements with quasi-linear flow 
between opposing faces. The ranges for the param- 
eters were 27 <N < 1,728, 2< R<128 and3<M< 
81; and, the median permeability was assigned a 
unit value. The results of these experiments are 
presented as Fig. 4; the expected permeability K with 
its 99 per cent confidence limits is plotted as a 
function of (S In a) the effective deviation for the 
distribution. For this case, the median, mode and 
geometric mean are all equal to unity; obviously, 
unity is the best estimate for the expected value 
so this result is ambiguous. 

The exponential distribution was considered next. 
Although no mechanistic basis for this distribution 
has been hypothesized, its existence has been 
observed quite frequently. Since the discrete form 
of this distribution has no mode, it serves to elimi- 
nate some of the uncertainty that resulted from the 
previous experiment. Under the same conditions 
used in the log-normal case, the results obtained 
are those shown in Fig. 5; clearly, the median or 
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the geometric mean gives the best value for the 
expected permeability. 

In an attempt to decide between the median and 
the geometric mean, a series of runs (using the 
same conditions on N, R and M as the previous two 
cases) were made with the skewed log-normal, 
linear and composite distributions described in 
Table 1. The results (Fig. 6) show that the geometric 
mean is to be preferred as an estimate of K since 
it is always determinate while the median is not. 
The data presented in Fig. 7 (based on the discon- 
tinuous distribution with 8 < R < 1,000) verify the 
choice of the geometric mean because the median 
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is not physically meaningful. The results shown 
agree qualitatively with those obtained by Asaad23 
from his thermal conductivity experiments. 

Figs. 8 and 9 result from a comparison between 
the expected permeability from quasi-linear flow and 
that from quasi-radial flow in the cubic model for 
log-normal and exponential distributions, respec- 
tively. These curves indicate that the expected 
permeability values are essentially independent 
of geometry. As a result, the importance of the 
connection between the geometric mean and K is 
established. Since K is a maximum-likelihood esti- 
mate, the maximum-likelihood value for a single- 
valued function of permeability, /(K), is known to be 
f(K); therefore, when the porosity and water satura- 
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tion from core analysis are correlated with permea- 
bility, the best estimates are those values that 
correspond with K. Consequently, the geometric 
mean can be used to determine applicable values 
for other reservoir parameters. 

When the cubic elements are replaced by ones 
in which Ax = Ay # Az, it is possible to examine 
the influence of anisotropy since a change in the 
element geometry is equivalent to a change in the 
ratio of the vertical and horizontal permeabilities; 
ise., (Ax/Az) 2 = K,,/K,. The experimental results 
(Fig. 10) reveal a finite but not particularly signif- 
icant effect; the apparent increase in permeability 
with increased values of K,/K, is due to cross- 
flow. The combined effects of anisotropy and 
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partial penetration on quasi-radial flow are illus- 
trated in Fig. 11. 

The basic difference between linear and radial 
flow is emphasized by the data shown in Fig. 12; 
i.€., Op/oz, > 1. For linear flow, uniform volumetric 
weighting is roughly equivalent to uniform weight- 
ing on the basis of flow resistance; for radial flow, 
this is not true so the absolute position, as well 
as the relative position, of the different elements 
is more important.” As the range of permeabilities 
increases, Gp/G,, decreases because the linear 
system is more sensitive to distortions in the flow 
pattern. 

The postulated relationship between the relative 
redundance and the standard deviation was tested 
by a series of calculations based on the exponential 
distribution. For this case, Eq. 20 reduces to the 
following. 


N M 


The variation of G with N/M was determined for 
quasi-linear flow, and the results are presented in 
Fig. 13. The correlation is reasonably good and 
indicates that o and the redundancy @ are related; 
therefore, either can be used as a measure of the 
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scale of heterogeneity. 

Although a thorough investigation of the computa- 
tional errors associated with the solution of an 
elliptic equation in a heterogeneous medium was 
beyond the scope of this paper, a cursory examination 
was conducted. Using a fixed spatial distribution of 
permeability, the mesh size was successively 
decreased and the effects of truncation and round- 
off errors on K and 6 were estimated. The calcu- 
lated value of K is essentially dependent on the 
truncation errors, while the value of o is much 
more sensitive to round-off errors; for the worst 
possible cases, the errors in R and/or G are approx- 
imately 10 per cent. 


TRANSIENT 


The objective of this portion of the study was to 
determine if the permeability calculated from 
pressure build-up data was a reasonable measure 
of the effective permeability in the drainage region 
of a well completed in a heterogeneous reservoir. 
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A 27- x 3- x 27-in. model was used to simulate a 
closed, heterogeneous reservoir; the distribution 
function for the permeability elements was the log- 
normal; and the ranges of the parameters were 3 < 
M<81,8<R < 128 and 0 < K,,/K, <1. For a par- 
ticular random arrangement of the elements, a build- 
up curve was synthesized and the build-up permea- 
bility K gy was calculated. Then, using the same 
random arrangement, the effective steady-state 
permeability Kss was computed for quasi-radial 
flow between the outer boundary and the well. 

Since uniform mesh spacing was used and the 
well was represented by a line sink, the synthesized 
build-up curves were not particularly accurate 
immediately after shut-in. However, for reasonably 
large shut-in times, the computed build-up curves 
tended to approach the expected type asymptotically. 
Two typical build-up curves are shown in Fig. 14 
to illustrate this behavior. 

The permeability ratio Kgy/Kgg5 that indicated 
the quality of the estimate based on build-up data 
was determined for a number of cases — both 
isotropic and anisotropic. These results are pre- 
sented in Fig. 15; the data show that Kpy is a 
reasonable measure of the effective permeability 
of the drainage region. No attempt was made to 
determine an expected value for the build-up perme- 
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ability since the computer time necessary for 
such a determination would have been excessive. 

The relative degree of heterogeneity, defined 
by Eq. 20, was determined for the isotropic cases; 
the results are those in Fig. 16. Apparently, the 
degree of heterogeneity is greater for small values 
of (S ln a). This is rather misleading since 4 is a 
relative measure; as the arithmetic and harmonic 
values converge, (S In a) decreases and the value 
of A becomes much more sensitive to errors in both 
the computed data and the graphical determination 
of the slope of the linear segment of the build-up 
curve. Consequently, the usefulness of A is con- 
sidered quite limited. 


LABORATORY EXPERIMENT 


Some time ago, the model studies section of the 
Reservoir Mechanics Div., Gulf Research & Develop- 
ment Co., began to investigate the possibility of 
studying the effect of reservoir heterogeneities on 
recovery processes by means of scaled models. 
Under the supervision of J. H. Henderson, W. T. 
Rouleau constructed a 10- x 10- x 10-in. model 
composed of randomly arranged, uniform, cubic 
elements with different permeabilities. The indi- 
vidual cubes were formed by packing sand into a 
mold according to the techniques developed by 
J. Naar; when the packing was completed, the mold 
was completely immersed in molten wax. After 
they were cooled, the cubes were arranged in a 
cubical container in locations determined with the 
aid of a table of random numbers. The wax was 
removed by heating and extracting with heptane; 
after the wax was removed, the container was vibrated 
to attempt to insure that no by-passing would occur. 
Finally, the effective air permeability of the system 
was determined to have been 60.5 darcies. The perme- 
bility distribution used was that shown in Fig. 17; 
it was approximately an exponential distribution 
with N = 1,000, M = 10 and R = 19.7. The arith- 
metic, geometric and harmonic means were 70.2, 
47.0 and 29.5, respectively. 

The experimental model was numerically sim- 
ulated, and the effective permeability was calculated 
to have been 46.3 darcies for the conditions of the 
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experiment. Then, still using the experimental 
atrangement of permeability elements, the permea- 
bilities between the other two pairs of opposing 
faces were determined to have been 46.1 and 45.8; 
these results indicated that the model was large 
enough to have appeared homogeneously heteroge- 
neous. The elements of the model were successively 
re-arranged at random for 10 additional runs; the 
expected values K and o were 46.6 and .84, respec- 
tively; the most probable value for the effective 
permeability was, again, virtually identical to the 
geometric mean. 

The lack of agreement between the computed 
permeability and the experimental value indicates 
that either the experimental permeability measure- 
ments, for the individual elements or the entire 
atray, were grossly in error or that by-passing 
occurred in the model. In any event, the difficulties 
associated with attempts to model heterogeneities 
physically are apparent;* the same type of uncer- 
tainty that exists in the reservoir problem is still 
present in the model; i.e., given a permeability 
distribution and an effective permeability measure- 
ment, can a probable spatial distribution be found 
that is compatible with all the data? In this case, 
it is obvious that the probable configuration would 
not have agreed with that which was used in the 
construction of the model. 


FIELD DATA 


To illustrate the use of the developed techniques, 
core analysis data and pressure build-up information 
from a wildcat well were evaluated for indications 


*An electrical analogue of the packed sand model was 
constructed by the model studies section. As might be expected, 
the effective conductivity of this three-dimensional, resistance 
network agreed with the computed result and differed from 
that measured on the packed sand model. 
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of heterogeneity. The well was cored over the 
entire gross-pay interval of 150 ft, core recovery 
was 93 per cent and the permeability data from 160 
samples gave the distribution shown in Fig. 18. 
The well was produced (open-hole completion) for 
about a month at an average rate slightly in excess 
of 100 STB/D; then, a pressure build-up test was 
conducted. The data from this test are plotted in 

The permeabilities form a distribution that is 
approximately exponential (b = 9.35). It is charac- 
terized by the following quantities: K,4 = 148 md, 
K 20 md, K y= 1.05 md, Ky = 17.2 md, M = 160, 
and R = 11,700. From the analysis of the build-up 
data, the effective permeability was calculated; 
ices, Kpy = 5.72 md. 

A 16- x 10- x 10-in. model was used to determine 
the expected permeability value for quasi-linear 
flow. The results for five different permeability 
orderings and N/M = 10 were the following: K = 20.5 
md; = 1.22 md; 18.6 <K < 22.8, confidence level 
== 19) 
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The relative degree of heterogeneity \ was found 
to have been .733, a fairly high value; since the 
build-up permeability was less than the expected 
value, it was apparent that the permeabilities were 
arrayed in a manner more similar to a series system 
than a parallel one. 

Based on the relationship between op and o7, 
(e.g., Fig. 12), it was conjectured that a radial 
model with N/M = 10 would probably yield a steady- 
state permeability reasonably close to the field 
build-up permeability within 10 trials. For Ax = Ay 
= 57.5 ft and Az = 50.0 ft, a 23- x 3- x 23-in. model 
simulated an isotropic reservoir with a drainage 
area of 40 acres and a thickness of 150 ft. 

After testing only two random arrangements of 
the elements in the model, an ordering was found 
which gave an effective steady-state permeability 
Kgs of 6.81 md. Using that same ordering, the 
transient behavior of the model was computed; the 
resulting build-up curve is indicated by Fig. 19. 
The permeability determined from the synthesized 
build-up curve was 6.25 md. This value is within 
10 per cent of the field build-up permeability. 

The outlined method for evaluating reservoir 
heterogeneity from core and build-up data gives 
maximum-likelihood estimates for the expected 
permeability value K and the standard deviation o. 
In addition, the relative degree of heterogeneity 
A, an indirect measure of the scale of heterogeneity 
N/M or Ax, and an approximate spatial permeability 
distribution are determined. Although most of these 
measures are only qualitative and the permeability 
configuration is certainly not unique, this type of 
approach appears to be reasonable. Some ambiguity 
is present in the suggested model since the mesh 
spacing is affected by the anisotropy of the system 
as well as by the number of elements. Before 
quantitative results can be expected, an independent 
method for determining the effective anisotropy of 
the formation must be developed. 


SUMMARY, CONCLUSIONS 
AND RECOMMENDATIONS 


The objectives of this investigation were to 
study the effect of the disposition of heterogeneous 
permeabilities on single-phase flow for a known 
permeability-distribution function and to attempt 
to infer the presence and probable configuration of 
heterogeneities from core analysis and pressure 
build-up data. These objectives were achieved in 
a qualitative sense under the restrictive assumption 
that both the core data and the build-up information 
represented valid measures of the reservoir prop- 
erties. 

Physical models consisting of random three- 
dimensional arrays of homogeneous porous blocks 
were studied. The permeabilities of the individual 
elements were assigned according to a specific 
distributicn function; uniform anisotropy was in- 
troduced by varying the relative dimensions of 
the porous blocks. A particular model was perturbed 
by simply re-arranging its elements at random; the 
effect of these perturbations on the behavior of 
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the physical model was determined by digitally 
solving its numerical analogue. 

Steady-state flow in quasi-linear and quasi-radial 
systems was considered; for these cases, the results 
were interpreted statistically. Transient flow in a 
quasi-radial geometry was studied by synthesizing 
pressure build-up curves and using conventional 
analysis. A comparison of the computed behavior 
of a known system with laboratory data was made; 
agreement was not obtained. The application of 
the developed techniques to the evaluation of field 
data was illustrated; a permeability ordering was 
found such that the field build-up curve was approx- 
imately reproduced. 

Based on computational experiments, subject to 
the limitations implied by the assumptions that 
were made, the following general conclusions are 
inferred. 

1. The most probable behavior of a heterogeneous 
system with single-phase flow approaches that of 
a homogeneous system having a permeability equal 
to the geometric mean of the individual permea- 
bilities. 

2. The effects of flow geometry and anisotropy 
on the most probable value for the effective permea- 
bility of a heterogeneous medium are finite but not 
significant. 

3. The permeability determined from a pressure 
build-up test of a heterogeneous reservoir gives a 
reasonable value for the effective permeability 
within the drainage area. 

4. Qualitative measures of the degree and the 
scale of the heterogeneity and its spatial configura- 
tion are obtainable if core analysis and pressure 
build-up data are available. 

Since this investigation is exploratory in nature, 
it leaves many questions unanswered; as an example, 
no attempt was made to extend the study on a field- 
wide basis. In retrospect, there were many areas 
in which obvious improvements could have been 
made; e.g., the use of a fixed mesh for computational 
purposes and a superimposed variable mesh for 
locating the permeability elements and varying their 
size would have minimized the effects of truncation 
and round-off errors. Despite these deficiencies, 
it is felt that this work represents the first con- 
sistent and logical attempt to treat the basic problem 
of describing heterogeneous reservoirs. 

It was indicated that the validity of the conclu- 
sions drawn from the numerical experiments depended 
on the assumption that the core analysis and the 
pressure build-up data represented true reservoir 
characteristics. Unfortunately, this is a weak 
assumption since it is known that the required 
information generally contains various types of 
errors; however, it is apparent that many of the 
errors are avoidable. 

In obtaining core analysis data to describe a 
reservoir, it is recognized that two principal types 
of errors occur — those related to sampling methods 
and those due to testing techniques. The most 
probable errors are the result of coring an insufficient 
number of wells, incompletely coring the entire 
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productive interval, recovering only part of the 
core from friable or poorly consolidated sections, 
selecting core samples only from those sections 
that appear promising, choosing test samples from 
irregular limestones and fractured sandstones that 
are macroscopically heterogeneous, changing the 
properties of the cores by extracting, drying and/ 
or ageing the samples, masking the effects of 
clays by using samples that do not contain connate 
water, failing to apply the Klinkenberg correction 
to gas permeabilities and neglecting to correct the 
values measured on low-permeability samples for 
the effect of rock compressibility. All of these errors 
with the exception of those due to partial core 
recovery and incomplete sampling, cause the meas- 
ured permeabilities to be greater than the true 
values. 

The errors associated with permeability deter- 
minations from build-up tests are less obvious. 
The most probable errors result from selecting the 
incorrect portion of the build-up curve — caused 
by a lack of stabilization prior to shut-in, an 
insufficient shut-in period, after-flow or phase 
re-distribution in the well — and failing to consider 
the effect of multiphase flow on the behavior equa- 
tions. Errors from these sources cause the calculated 
permeabilities to be lower than the true permea- 
bilities. 

It is evident that the errors in core analysis and 
build-up data combine to indicate a higher degree of 
heterogeneity than that which actually exists in the 
reservoir. Furthermore, results based on these 
erroneous data tend to imply that the spatial per- 
meability distribution is of the series type rather 
than parallel. 


NOMENCLATURE 


A = Stieltjes permeability matrix, dimen- 
sionless 
B = normalized Jacobi iteration matrix, 
dimensionless 
D = diagonal capacitance matrix, 1/T 
K = absolute permeability, Hae 
K = most probable value of effective per- 
meability, L2 
K, = effective permeability of heteroge- 
neous medium, L2 
K 4 = arithmetic mean permeability, L? 
K py = build-up permeability, it 
K .. = Geometric mean permeability, L? 
Ky = harmonic mean permeability, L2 
Ky = median permeability, [2 
K,, = mode of permeabilities, Le 
Kgs = steady-state permeability, 
K,,/K}, = anisotropy, ratio of vertical and hori- 
zontal permeabilities, dimensionless 
M = number of classes in discrete distribu- 
tion, dimensionless 


N = number of elements, or mesh points; 
in model, dimensionless 


166 


P(K) = probability that a permeability is less 
than or equal to K, dimensionless 
R = ratio of maximum and minimum permea- 
bilities for discrete distribution, 
dimensionless 
S = standard deviation for log-normal dis- 
tribution, dimensionless 
a = measure of class interval for log-normal 
distribution K,,/K,.;, dimensionless 


> 


characteristic parameter for exponential 
distribution, dimensionless 

= liquid compressibility, LT2/M 

= boundary condition vector, M/LT? 

= formation thickness, L 

number of runs, dimensionless 

= pressure, M/LT? 

= production rate, 

= slope of linear portion of build-up curve, 

M/LT? (cycle) 


oS yoyo 


t, = time of shut-in, T 
x,y,z = rectangular co-ordinates, L 
Ax, Ay, Az = difference operators, 1/L 
5 = permissible error in pressure, M/LT? 
€ = probability that a maximum-likelihood 
estimate will fall outside the con- 
fidence interval, dimensionless 
€ = correlation factor for maximum-likeli- 
hood estimate of standard deviation, 
dimensionless 
dimensionless 


= relative redundancy, 


A = relative degree of heterogeneity,dimen- 
sionless 

pL = viscosity, M/LT 

p(B) = spectral radius of matrix B, dimen- 

sionless 

o = standard deviation for effective perme- 

abilities, L2 

o = most probable standard deviation for 
effective permeabilities, L2 

¢ = porosity, dimensionless 

@ = acceleration parameter for iterative 
process, dimensionless 


ASS 


fraction of less permeable material in 
discontinuous distribution 


SUPERSCRIPTS 
— = vector 


T = transpose of a matrix 


order of iteration 


SUBSCRIPTS 
R = quasi-radial 
L = quasi-linear 
b 
i,],k 


horizontal 


dummy indices 
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order of perturbation 


vertical 
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APPENDIX A 


STEADY-STATE SOLUTION 


In matrix notation, the equation to be solved has 
the following form. 


Because of the nature of the physical problem, the 
use of arectangular mesh and the method employed 
to derive the difference equation, A is a two-cyclic, 
N x N Stieltjes matrix2® x is the unknown vector 
representing the potential distribution; g is a known 
vector whose entries are determined only by the 
boundary conditions. 

After a suitable permutation of indices, the matrix 
may be partitioned as shown in Fig. 20.* 

The co-ordinates x, y and z corresponding to a 
particular point are given by iAx, jAy and kAz, 
respectively; the total number of mesh points in 
each direction is p, g and 7; and the total number of 
points N is equal to p-q-r. For the simple line method 
that is to be used, the nonsingular, diagonal sub- 
matrices, Aj;,;, are p x p tridiagonal for 1 <7 <B 
where $8 = qg-r. When either q or r is even, a = Ys 


*The treatment described is an abridgement of the detailed 
approach given by Varga.22 
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(q-r); and a= (q:r + 1) when both qg andr are odd. 
This type of partitioning is equivalent to block 
interation28 over a complete horizontal line of mesh 
points in the x-direction. 

Let C be the positive diagonal matrix composed 
of the nonsingular, diagonal blocks Aj;,; of the 
Stieltjes matrix A; then, the usual splitting and 
normalization procedures allow Eq. A-1 to be written 
as follows. 


where 
y=cl/? x 


The matrix B is symmetric, non-negative, irre- 
ducible and convergent; therefore, the modified 
Chebyshev semi-iterative method can be used to 
solve Eq. A-2. This technique is defined by the 
following pair of equations. 


(2m) 
a+j,k 


(2m-!) (2m-1) 


fo 


(2m +1) a 


(2mel) 


where the vector components TOME l<j<a, are 
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given or guessed and the superscripts refer to the 
order of the iteration. 

The acceleration parameters are calculated by 
means of a recursion relationship. 


where 
w, = | and Wo = 


2-p2 (B) 


In this equation, p(B) is the spectral radius of 
B, i.e.,the absolute value of the largest eigenvalue. 
Because of similarity, p(B) = p(B) where B=1 — 
C-1A, In all calculations, p(B) was based on experi- 
mental estimates; however, a good min-max approx- 
imation is given in Ref, 28. It was observed exper- 
imentally that p(B) was fairly insensitive to the 
entries in the matrix A while it was very sensitive 
to the geometry. In fact, correlating p(B) with the 
fraction of non-zero entries in the vector g for the 
homogeneous case permitted the p(B)’s for the 
heterogeneous case to be adequately estimated. 
Similar observations concerning the effect of per- 
turbations on the spectral radii of matrices have 
been reported in the literature.29-31 

The norm used for halting the iterative procedure 
was the following. 


( 


(m) 


where 6 = desired accuracy and 


2 


w= C 
|- (B) 


The initial guess for all cases was ye) = 0.0, 
1<i<N; 6 was fixed at .0001 for all runs to guaran- 
tee at least four significant figures of accuracy. 

For a 9- x 9- x 9-in. model with flow over two 
opposing faces, the required time of computation 
was 105 seconds on the IBM 704. With a fixed 5, 
the total volume of computation varied with N In 
N. 


APPENDIX B 


TRANSIENT SOLUTION 


Using matrix notation, the equation to be solved 
is the continuous time-discrete space form that 
follows. 


dt 
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| 
ISjSB-a; 
(2m) (2m) 


D is a positive diagonal N x N matrix; A is a two- 
cyclic N x N Stieltjes matrix; x is the vector of 
unknown potentials; and g is a known vector with 
time independent components determined by the 
boundary conditions. 


The solution to Eq. B-1 can be obtained in the 
conventional manner. 


x(t) = Ag + exp[-(1-1,) DA] 


Expanding the exponential in the Crank-Nicholson23 


form leads to an implicit approximation?® for the 
solution to Eq. B-1l. 


E + an=a-22 +29 


where At =t — fo. 
Some computation can be saved if Eq. B-3 is 
written in the following form. 


x (t,). 


Since [4 +2 is symmetric and positive definite, 
t 


where 


Q(t.) 


a regular splitting32 would be 
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fax - (B-5) 


B is tridiagonal, and C has zero diagonal entries 
with no more than six non-zero entries per row. 
Because B is symmetric and positive definite, 
there are unique matrices33 R and T such that the 
following factorization exists. 


R is a diagonal matrix and T is an upper triangular 
matrix with unit diagonal entries. 
Eq. B-4 can now be written as follows. 


AN-(R CR (t, + At) 


(B-7) 


where 


y (t) = Rx (t) 


ROU T Ty y (4). 


If y (t,) is known, y (t,+ At) can be obtained by 
solving the simultaneous equations represented by 
Eq. B-7. This was accomplished by using the 
single line version of the modified Chebyshev semi- 
iterative method described in Appendix A. 

Using a 27- x 3- x 27-in. model and 6 = .0001 in 
Eq. A-5, the number of iterations per time step 
varied between four and seven depending on the 
well penetration. On the average, the computer 
time required to complete one time step was 30 
seconds; therefore, the calculation of the depletion 


and build-up required about 30 minutes per case. 


169 


Pressure Drop in a Composite Reservoir 
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ABSTRACT 


Pressure drop characteristics in a system com- 
posed of two adjacent concentric regions of different 
permeability were studied. The differential equa- 
tions for continuity of mass flow in the two regions 
were solved using the Laplace transformation and 
the necessary boundary conditions to give the 
pressure distribution in the composite reservoir. 
the resulting equation for pressure drop at the 
inner boundary was evaluated for a variety of 
composite reservoirs and compared with the results 
for a uniform reservoir, From this study it was 
found that under certain conditions the permeability 
in both zones, as well as the size of the inner 
zone, can be determined from the pressure drop 
curve. 


INTRODUCTION 


The theory for the pressure distribution and 
pressure build-up behavior of a well producing a 
single, slightly compressible fluid from infinite and 
finite homogeneous reservoirs was presented by 
Horner! and Miller, Dyes and Hutchinson.? Exten- 
sions on this original work to provide improved and 
extended interpretations and better agreement be- 
tween theory and observed results have been made 
by Matthews, et al,? van Everdingen,* Gladfelter, et 
Stegemeier and Matthews,© Hurst and Guerrero,” 
and Perrine.® More recently Lefkovits, et al,? 
studied pressure build-up behavior in bounded 
reservoirs composed of stratified layers. 

Houpeurt!9 has suggested various approaches 
to the general problem of variable permeability and 
porosity but presented no analytic solutions for 
particular permeability variations, Albert, Jaisson 
and Marion! studied the finite composite reservoir 
and presented numerical solutions to the unsteady- 
state case and an analytical solution valid only for 
large times. They also studied the so-called pseudo- 
steady state for several examples of radial permea- 
bility variations. Very similar examples have been 
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treated in the unsteady state with application to 
pressure build-up by Loucks in an unpublished 
manuscript. 

More recently Hurst 12 has presented the complete 
point-sink solution (valid for all times) for the 
infinite composite reservoir. He applied these 
solutions to interference between oil fields along 
with an even more elegant application of his explicit 
solution to the material-balance equation including 
water influx. Mortada!3 approaches the same appli- 
cation by avoiding the point-source limitation but 
gives the solution for the aquifer region which is 
valid only for large times. Hopkinson, Natanson 
and Temple 14 have treated both the finite and 
infinite composite reservoir obtaining the pressure 
distribution for the inner zone valid for large times. 

This paper presents a theoretical study of the 
pressure distribution in an infinite composite 
reservoir composed of two adjacent concentric 
regions of different permeability. The object was to 
determine the manner in which pressure drop at the 
inner boundary of a composite reservoir depends 
upon time, the permeability of each zone and the 
size of the inner zone. Expressions for the pressure 
distribution in both zones are developed which 
take into account the radius af the sink and are 
valid for small times as well as large times. It 
was felt that an understanding of the pressure drop 
behavior in various composite reservoirs would be 
of assistance in the interpretation of some pressure 
build-up curves which do not behave according 
to the theory derived for uniform systems. 

Often the region surrounding the wellbore is 
either more permeable or less permeable than the 
reservoir because of the various drilling and com- 
pletion practices. The effects of reduced permea- 
bility due to drilling-fluid invasion and of increased 
permeability due to fracturing or acidizing need to 
be more carefully defined. Therefore, an equation 
for the pressure drop in a composite reservoir was 
developed, and the effects of both the permeability 
in each zone and the size of the inner zone were 
studied, 


STATEMENT AND SOLUTION OF PROBLEM 
BOUNDARY CONDITIONS AND ASSUMPTIONS 


The physical system studied was a composite 


SOCIETY OF PETROLEUM ENGINEERS JOURNAL 


reservoir made up of two adjacent concentric regions 
of different permeabilities (Fig. 1). The reservoir 
was assumed to extend infinitely in the radial 
direction and to be bounded on the top and bottom 
by impervious planes. The inner zone (Zone 1) 
was assumed to be uniform and to have an average 
permeability ky. The outer zone (Zone 2) was also 
assumed uniform and its permeability was kp. 

Initially, the reservoir was assumed to have 
zero pressure drop throughout both zones. Then 
the reservoir was produced through the inner 
boundary at a constant rate. The requirements at 
the intermediate boundary were that the pressures 
a small distance on each side of the interface 
remain equal for all times and that the flow rate 
from the outer zone always be equal to the flow 
rate into the inner zone. 

By imposing these conditions on two general 
solutions of the diffusivity equation, an expression 
for the pressure distribution was developed for each 
zone using the theory of Laplace transforms. These 
equations define the pressure at all points in the 
reservoir for all times. The expression for pressure 
distribution in the inner zone was then specialized 
to give the relation between the pressure drop at 
the inner boundary and the length of time the con- 
stant rate had been imposed. 


DERIVATION OF EQUATIONS 


The equations which express the continuity of 
mass flow through each of the zones are 


tp Op ap Op 
and 

Orp orp y2 op 


where y, is the dimensionless constant which gives 
the permeability in Zone 1 when multiplied by k 
an arbitrary reference permeability, yz is similarly 
defined to give the permeability in Zone 2, rp is the 
dimensionless radial distance (7p =7/r), tp is the 
dimensionless time (tp =kt/dycry*), and P is the 
pressure drop in atmospheres (P = p, — p). 

The general solution of the equations resulting 
from taking the Laplace transformation of Eqs. 1 
and 2 with respect to time has been shown to 


nx 
Al 

x 


FIG. 1 — PHYSICAL SYSTEM STUDIED. 
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Py (s) = Clo(qarp) + DKo(42Tp) (4) 


where P(s) is the Laplace transformation of the 
pressure drop, s is the Laplace operator, q1 = 
and qo = 


The boundary conditions (transformed) are 


dP, (s) 
Th = at rp = 1, 
Orp 
Po(s) = Oat rp =~, 
P,(s) = Ps) at tp 
and 
dP, (s) AP, (s) 
= = 
VA Y2 D 


The equations resulting from the imposition of 
the four boundary conditions can easily be shown 
to be 


Aly — BKy = -&/¥191S; 


and 


ll 


where y = 


From these equations the values of the constants 
in Eqs. 3 and 4 are found to be 


[ [ Ky(aqy) 
B= [ Ky(aqa) 
+ 
D = [ [ Ky(aqy) 
where 


A = [Iy(ogy) Ky(qy) Ky(aqy)| 
+ Ky(aqq) Ko(aqy) + Io(aqy) K4(q)| 


With these constants thus evaluated and sub- 
stituted into Eqs. 3 and 4, the transformed solutions 
for pressure distribution are completed. These 
equations will now be inverted by the Bromwich — 
Wagner integral, 17 


Pressure Drop in Zone 1 


The expression for pressure drop in the inner 
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= 


zone is given by 


(9) 


Since for tp = 0 the integrand is equal to zero, 18 
this can also be written 


v-+R 
510) 


Since the denominator (A) of P,(s) has a branch 
point at s = 0, the contour of Fig. 2 is used. The 
contribution of the small circle around the origin 
is zero,!8 and the integral in Eq. 10 can be replaced 


by the negative values of the integrals along CD 
and EF,19,20,17 Thus, 


0 
BR (tp.tp) = P,(s)ds 
= 00 Stp — 
0 


In the first integral {(1) along CD, let s = yew? 
to get 


2i€ (1 7#D) (A + id) 
where 
B 


FIG. 2 - CONTOUR USED FOR INVERSION. 
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VYo (yaw) (aw)Y;(@) Jy (@)Yy (aw) | 
+ Y; (yao) (@) Yo (aw) — Jo(aw)Y; 


= yJo(yao) (ao) (@) — Jy (@)Yy (aw) | 
+ Jy (yaw) [Jy (@)¥9 (yaw) Jo (yaw)¥, ]; 


A= bJg (arp) — nYo(a@rp); 


a = yJo(yaw)Y, (aw) Jy (yaw) (aw); 


b = Yo(aw)¥; (yaw) — (yaw) ¥; (aw); 
m = YJo(yaw)]; (aw) — Jo(aw)J4 (yaw); 
n = Jol(aw)Y; (yaw) yJy(aw)Yo(yaw) . . (13) 


Multiplying numerator and denominator by ®-—iv, 
the complex conjugate of the denominator, gives 


[OA + Aw + (OA Av)] 
+ w2) 
Next returning to the second integral f (2) in Eq. 


Il, lets=y,e along EF and rationalize the 
get 


(1 - 
fare 


Adding f (1) and f (2) and recalling Eq. 11, it 
follows that 


[®A + Aw] 


Pressure Drop in Zone 2 


The expression for pressure drop in the outer 
zone is found in a manner similar to that used for 
Zone 1 to be 


P, (t stp) my, a @3 
(@2 4 ur?) @ 


Pressure Drop at the Inner Boundary 


An expression for the pressure drop at the inner 
boundary is found by setting rp = 1 in Eq. 16. By 
expanding the numerator and combining terms, it 
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is found that the bracketed expression reduces to 
simply 


@MA + War = 8/73 03a2, 


Thus, the pressure drop at the inner boundary is 
given by 


+ 


P(tpy) = 


wy, a* 0 


Pressure Build-Up 


Let 6 be defined as that value of w such that 
neither of the two expressions yaw and yw is greater 
than .02. Then if Eq. 18 is broken up into two 
parts, 


V1 02t 
+ (l-e%1 D)f(a@)da, 
where 


the approximations for Bessel functions of small 
argument can be used in the first integral to give 


® = 4/(7*yw2a), 
= y/(ma). 


Since @ is small, the value of W2 is negligible 
compared to @2, and the first term in the P(tp) 
equation reduces to 


J do. 


It has been shown!® that this is equivalent to 


[C -Eil-y,82t)) + log(y,52tp)] 
2y2 


Using this, the expression for pressure drop at the 
inner boundary becomes 


P(tp) = [C Ei(—y52tp) + log(y152tp)] 


fo) 


(19) 
For large time, say y,52tp >8, both the exponential 


integral and e-Y107tp become negligible and Eq. 
19 reduces to the form 


P(tp) = Co + (tp) (20) 


where Cy is independent of time and is given by 
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C 


16 
2 S + [C + log(y,62)]. 


mya 
Since P(tp) = pe — pltp), 


By superimposing three expressions for pressure as 
given in Eq. 21 in order to simulate the pressure 
build-up test procedure, we arrive at the following 
pressure build-up equation. 


qu. t(q) + At 
p(At) = po log (22) 


where ¢(q) is the time during which the reservoir 
was produced at the constant flow rate (q) before 
it was shut in, and At is the shut-in time. Thus, 
we have found that the pressure build-up equation 
given by Horner! is valid in the composite reservoir 
with the restriction on time that tp > 8/y, 6. We 
have also proved that the permeability in the log 
coefficient is that of the outer zone in the region 
distant from the well. 


RESULTS 


The pressure drop at the inner boundary of several 
composite reservoirs is presented in Figs. 3, 4, 5 
and 6. The curves were obtained by using Eq. 19 
for € = 1 with the modification that for y, O45 <li 
the term 


[C Ei(-y,87tp) + 


was found to be best computed using the series 
co 


a 


At this point the reason for setting ky= y4 k and 
ko = Yok becomes apparent. By arbitrarily setting 


65 
60 
55 

= 

50 

45 

a 

2 40 

ad 

25+ ¥/%=.20 
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FIG. 3 — PRESSURE DROP AT THE INNER BOUNDARY 
AS A FUNCTION OF DIMENSIONLESS TIME FOR 
COMPOSITE RESERVOIRS IN WHICH THE RATIO OF 
THE PERMEABILITY OF THE INNER ZONE TO THAT 
OF THE OUTER (y,/y,) IS LESS THAN UNITY. THE 
RADIUS OF THE INNER ZONE IS 40 r,. 
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ko =k (yz = 1), the dimensionless time term tp 
becomes equivalent to the corresponding tp used 
by Hurst and van Everdingen!® for a uniform reser- 
voir with permeability ky. Thus, y; =k,/k 
becomes the ratio of the permeabilities in the two 
zones. This enables us to compare the pressure 
drop behavior of a homogeneous reservoir of perme- 
ability ky with the behavior of the same system 
modified by an inner zone of radius ar,, which has 
a permeability equal to yyk. However, it should 
be realized that this particular selection was com- 
pletely arbitrary and the user of the basic equations 
is free to make his own selection for the purpose 
at hand. 

Fig. 3 shows the pressure drop P(tp)as a function 
of dimensionless time t p for a reservoir of permea- 
bility k» in which the inner zone of radius 40 7, is 
less permeable. The ratio of the permeabilities is 


UNIFORM 
%/ 
%/ 
Qa 8 
fo} 
c 
o 7 
= 6 
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FIG. 4 — PRESSURE DROP AT THE INNER BOUNDARY 
AS A FUNCTION OF DIMENSIONLESS TIME FOR 
COMPOSITE RESERVOIRS IN WHICH THE RATIO OF 
THE PERMEABILITY OF THE INNER ZONE TO THAT 
OF THE OUTER (y,/y,) IS GREATER THAN UNITY. 
THE RADIUS OF THE INNER ZONE IS 250 r_. 
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FIG. 5 — PRESSURE DROP AT THE INNER BOUNDARY 

AS A FUNCTION OF DIMENSIONLESS TIME FOR 

COMPOSITE RESERVOIRS IN WHICH THE RATIO OF 

THE PERMEABILITY OF THE INNER ZONE TO THAT 

OF THE OUTER (y,/y2) IS 1/10, THE SIZE OF THE 
INNER ZONE IS 


given by the parameter y,/yp. 

Fig. 4 shows P(t p) vs tp for the same reservoir 
except the inner zone has a radius of 250 r,, and 
the permeability in this zone is greater than that 
in the rest of the reservoir. 

Figs. 5 and 6 show the effect of the radius of 
the inner zone. Fig. 5 is for an inner zone with 
1/10 the permeability of the rest of the reservoir. 
Fig. 6 is for an inner zone with a permeability four 
times greater than the reservoir. 

Fig. 7 shows the pressure drop curve for the 
cases in which the radius of the inner zone was 
taken to be very large. 


DISCUSSION OF RESULTS 


It should be remembered in the interpretation of 
these curves that they are all calculated for the 
same flow rate (& = qu/Ambk » = 1). For this reason 
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FIG. 6 — PRESSURE DROP AT THE INNER BOUNDARY 

AS A FUNCTION OF DIMENSIONLESS TIME FOR 

COMPOSITE RESERVOIRS IN WHICH THE RATIO OF 

THE PERMEABILITY OF THE INNER ZONE TO THAT 

OF THE OUTER (y,/y2) IS FOUR. THE SIZE OF THE 
INNER ZONE IS 
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FIG. 7 — PRESSURE DROP AT THE INNER BOUNDARY 
AS A FUNCTION OF DIMENSIONLESS TIME FOR TWO 
COMPOSITE RESERVOIRS WITH LARGE INNER ZONES. 
THE RATIO OF THE PERMEABILITY OF THE INNER 
ZONE TO THAT OF THE OUTER IS GIVEN BY (y,/y2); 
AND THE SIZE OF THE INNER ZONE IS ar, 


SOCIETY OF PETROLEUM ENGINEERS JOURNAL 


| | 
| 


some of the pressure drop values are very large. In 
practice, the flow rate would necessarily be less 
for an increase in the resistance around the well. 
However, changing the value of q for the purpose 
of presentation would also change the slope of the 
linear portion of each curve. It was felt that the 
gtaphs served better in their present form to point 
out the important fact that the linear portion for 
large time yields the permeability of the outer zone 
regardless of the condition of the inner zone. This 
can also be seen from Eq. 22. The slope of the 
pressure build-up curve for large time is given 
by the coefficent of the log term. For a given 
q p and 4, it is dependent only upon ko, the per- 
meability of the outer zone. ‘ 

The time for which Eq. 22 becomes valid was 
found in the calculations to be when the term 1 — 


-y. §2 

e could be approximated by y462tp. This 
is valid for y,52tp < .01. Recalling the definition 
of 6, the following equations can easily be developed. 
(y<1); 


2 


where tp’ is the value of dimensionless time at 
which the linear portion of the pressure drop curve 
for large time begins. This is the time at which 
the so-called large time solution becomes valid. 

As an example for comparison purposes, the 
conversion between tp and ¢ in minutes for a 
particular reservoir (#=.20, p=1 cp,c = 10°°/psi, 
To = .2) ft and &5 = 100 md) is i(min) = 2.84 -« 
For this reservoir if V4 = 4 and a=250, 
then t” is found to be 7.4 hours. It is of interest 
that this value of t’is valid for any yj/y2 > 1 since 
we have taken y, = 1 and y, does not enter the 
expression for t p’ in Eq. 23. For y;/y2 < 1, how- 
ever, tp’ depends not only on a but also on the 
ratio ¥1/Y2- Of course, the effect of the number 
a2usually far outweighs that due to the y,/y 9 ratio. 

The limiting case in which a > » is of interest. 
One would expect that the resulting pressure drop 
curve would have the slope m = gp/4mbk , where 
ky = yo. Therefore, if some intermediate value 
of awere taken so that two linear portions developed, 
we would expect the inverse ratio of the resulting 
slopes to equal the ratio of the permeabilities of 
the two zones. This possibility was explored by 
taking a relatively large value of a. As seen in 
Fig. 7, the resulting pressure drop curves had two 
linear portions. The ratio of the slope of the first 
linear portion to that of the second was indeed 
found to equal y2/y 1. It was also of interest to 
check the time at which the second linear portion 
began. It was found to agree with that predicted by 
Eq. 23. This indicates the possibility of detecting 
permeability changes of this type from the pressure 
build-up curve. After determining the permeability 
of each zone by the Horner method, then the appro- 
priate form of Eq. 23 can be selected. This equation 
then affords a method of calculating the size of 
the inner zone from the knowledge of the time at 
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which the second linear portion begins. However, 
in the cases shown, the radius of the inner zone 
had to be very large before the earlier linear 
portion was able to form. For smaller a, as in Figs. 
3 through 6, there is no obvious rule as to the 
behavior of the early portion of the curves. In these 
cases we are unable to determine either the perme- 
ability or the size of the inner zone. However, the 
early portion of the curve is usually distorted for 
reasons not considered in this study (after-flow, 
etc.): 

Figs. 3 through 6 provide qualitative information 
for those faced with the task of interpreting pressure 
build-up or pressure drop curves. By studying the 
effects of the known reservoir nonuniformities pre- 
sented in these figures, one can learn to recognize 
the characteristics of such phenomena. This 
familiarity with nonuniformities should assist 
the engineer in selecting the proper build-up portion 
for determining the permeability of the reservoir. 


CONCLUSIONS 


From the study of pressure drop in composite 
reservoirs, the following conclusions have been 
reached. For a composite reservoir with a large 
inner zone, the pressure drop curve has two linear 
portions. The permeability of each zone can be 
determined from the slope of the corresponding 
linear portion using the Horner method. The size 
of the inner zone can be determined by selecting 
the time at which the second linear portion begins. 
For a composite reservoir with a small inner zone, 
the first linear portion does not always form, and 
only qualitative information from the shape of the 
curve is available for the inner zone. Regardless 
of the condition of the reservoir near the wellbore, 
the permeability of the outer reservoir can be 
determined in the usual manner. However, the 
time at which the linear portion should begin is 
delayed by the presence of a zone of different 
permeability near the well. 


NOMENCLATURE 
@, = see) Eq. 13 
b = see Eq. 13 
= Buler’s constant, .5772157... 
h = thickness of the reservoir, cm 


Ig = modified Bessel function of the first kind, 
zero order 


I; = modified Bessel function of the first kind, 
first order 


Jo = Bessel function of the first kind, zero order 

J, = Bessel function of the first kind, first 
order 

Ko = modified Bessel function of the second 
kind, zero order 


= modified Bessel function of the second 
kind, first order 


arbitrary reference permeability, darcies 


3 


see. Eq.-13 
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see 

P = pressure drop = pe — p, atm 

p = pressure, atm 
De = original reservoir pressure, atm 

P = Laplace transformation of P 
P(tp) = pressure drop at the inner boundary, atm 
p(At) = pressure build-up, atm 
q = volumetric flow rate, cc/sec 


= Vs/Vy¥2 


r = radial distance, cm 

a = dimensionless radius of the inner zone, 

s = complex Laplace operator 

tp = dimensionless time, (fp = kt/®ycr ,*) 

t(q) = time that gq has been imposed, seconds 

At = shut-in time, seconds 

@ = Vp/\Vy, where p is the radial distance in 
the s-plane 

Yo = Bessel function of the second kind, zero 
order 


Y,; = Bessel function of the second kind, first 
order 


y = 

= defined by ky = 

Yq = defined by ky = Yyk 
5 = that value of @ such that neither of the 
two expressions ywa and wa is greater 


than .02 
= 
= see 
= 328 13) 
= viscosity, cp 
qu/2mbk 
= 
= porosity 
natural logarithm 


ll 


(e) 

Il 
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Stresses Caused by Bit Loading at the Center of the Hole 
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ABSTRACT 


Although an oil well is a long cylindrical hole 
with an irregular bottom, it appears likely that the 
nature of the stress concentration at the bottom of 
the hole can be ascertained from an analysis of the 
stresses around a short cylindrical cavity with 
rounded corners and smooth bottom. Such a cavity 
is studied primarily because it leads more readily 
to a solution to the problem by the use of stress 
functions. In this paper the stress distribution 
around a short cylindrical cavity subjected to bit 
loading, overburden and drilling-fluid pressures 
is determined by means of an analytical solution 
which approximately satisfies the boundary con- 
ditions of the problem. From this solution the stresses 
at the corner of the hole are calculated to be about 
35 per cent lower than comparable results obtained 
by photoelastic and relaxation analyses. This dif- 
ference is apparently due to the large radius of 
curvature at the corner of the cavity in the present 
analysis. Since good agreement is obtained between 
the results of this analysis and the stresses calcu- 
lated for a similar loading on a semi-infinite elastic 
solid, it is concluded that the bit action in the 
region near the center of the hole is not appreciably 
affected by the presence of the sides of the hole. 


INTRODUCTION 


Much has been written concerning drilling ‘‘under 
down-hole conditions’’ and pertaining to the stress 
distribution in the rock at the bottom of an oil 
welll-5 For example, it is known that identical 
rocks can be drilled more rapidly at the surface than 
under subsurface conditions of pressure and stress.° 
Information on the behavior of rocks under loading 
can be obtained from triaxial test data.7-9 From 
such tests it is found that rocks exhibit brittle 
failure when the confining pressure and pore pressure 
are equal, but the mode of failure may change to 
ductile as the difference between the confining 
pressure and the pore pressure is increased. Brittle 
failure implies that there is very little permanent 


Original manuscript received in Society of Petroleum Engineers 
office July 21, 1960. Revised manuscript received Jan. 26, 1961. 
Paper presented at the 35th Annual Fall Meeting of SPE, Oct. 
2-5, 1960, in Denver. 


lReferences given at end of paper. 
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deformation before fracture, whereas ductile failure 
indicates that permanent deformation takes place 
before fracture. Some rocks are ductile at differential 
pressures of 5,000 psi, but other rocks are brittle 
even at differential pressures of more than 50,000 
psi. 

Cuttings embedded in mud at the bottom of the 
hole may act as a plastic mass which the bit teeth 
must penetrate in order to attack the virgin rock 
below.!9 During drilling, the mud pressure acts as 
the confining pressure, and in many cases the 
difference bet ween the mud pressure and the formation 
pore pressure is sufficiently low so that the rock 
most likely fails in a brittle manner. Very little 
penetration by the bit teeth may be required for 
brittle failure of the rock. For these brittle materials, 
the elastic stress distribution is of practical interest 
in determining the possible effects of a given load- 
ing on failure. The penetration of bit teeth into 
ductile or plastic rock has been analyzed previ- 


ously11,12 and will not be considered further in the 
present work. 

During actual drilling, many teeth act at various 
points over an irregular hole bottom. In the present 
analysis a solution is obtained for an idealized 
problem of determining the elastic stress distribution 
caused by only one tooth acting alone at the center 
of a smooth hole bottom. It obviously is not proposed 
that any driller should put a special one-tooth bit 
on bottom, but it is hoped that extensions of the 
simpler problems can eventually lead to a better 
understanding of more complex actual drilling 
phenomena. 

To obtain a solution by the use of stress functions, 
a short cylindrical cavity with rounded corners and 
smooth bottom is studied. The solution to this 
problem should give an insight into the nature of 
the stress concentration at the bottom of an oil 
well which is in reality a long cylindrical hole with 
an irregular bottom. After selection of the proper 
curvilinear co-ordinate system, the stress functions 
are expressed as series of Legendre polynomials. 
The coefficient of each term in the series is then 
determined to satisfy the boundary conditions at 
a finite number of discrete points on the boundary 
of the cavity with least square error. Results are 
compared with bottom-hole stresses obtained by 
photoelastic and relaxation analyses. 


STATEMENT OF THE PROBLEM 


Consider a homogeneous, isotropic, impermeable 
elastic body containing a cylindrical cavity; it is 
desired that the stresses and displacements in the 
region exterior to the cavity be determined when the 
distribution of forces acting on the surface of the 
Cavity are prescribed. 

The displacement equation of equilibrium is given 
by13 


GW? Vdiv=) p+F =0.... 


where the displacement vector is expressed as 
p =tu+jv+ kw 


and the body force vector is denoted by 


y 


The general solution of Eq. 1 for axisymmetric 
loading in the absence of body forces is given by 
the sum of the following displacement fields.!4 


1 
Pp = Brad 


where 

age 
and 

V 7p = 0. 


These harmonic functions, ¢@ and yw, are referred 
to as the Boussinesq-Papkovich stress functions. 
The displacements in general axisymmetric ortho- 
gonal curvilinear co-ordinates defined by Eq. 2 
and the associated stress fields are given by Stern- 
berg, Eubanks and Sadowsky14 The problem there- 
fore becomes one of determining harmonic functions 
which, when used as Boussinesq-Papkovich stress 
functions, satisfy the desired boundary conditions. 


CO-ORDINATE TRANSFORMATION 
FOR A CYLINDRICAL CAVITY 


The transformation which is used in this analysis 
is given by! 
n 
where Z = z + ir and € = ae#f, In this equation, 
n’4 has dimensions of length. With n = 1/6, the 
figure described by a = 1 and y = constant is an 
approximation to a square in the r-z plane. The 
cylindrical co-ordinates (7, y, z) are related to the 
curvilinear co-ordinates (a, 8, y) by the following 
equations obtained by taking real and imaginary 
parts of Eq. 3. 


if 


Il 


a sin B sin 3B, 
a 


n 


Since x =r cos y and y =7 sin y, the required co- 
ordinate transformations are 


x= (a + sinB) cosy, 


y =(a sinB + =z sin 38) cos y, 


where n = 1/6. Co-ordinate surfaces for the a, 8, 
y curvilinear co-ordinate system are shown in Fig. 
1, and one quadrant of the y = constant plane is 
depicted in Fig. 2 where R and @ are spherical 
co-ordinates. 


SOLUTION BY POLYNOMIALS 


To satisfy arbitrary boundary conditions, it is 
desirable to obtain separated solutions of Laplace’s 
equation of the form 


Y= CONSTANT |2~8=C 


B=45 
| 
a = 
J 
B=90° 
--------> = CONSTANT 


FIG. 1 — CURVILINEAR CO-ORDINATE SURFACES. 


10° 20° 40° 


FIG. 2 —- ONE QUADRANT OF y = CONSTANT PLANE. 
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®(a, B) = X4(a) 


However, certain relations must exist between the 
scale factors of a co-ordinate system in order for 
it to be possible to express solutions of Laplace’s 
equation in the separated form given by this equa- 
tion.15 The scale factors of the co-ordinate system 
defined by Eqs. 5 do not satisfy these require- 
ments; therefore, it is necessary to seek harmonic 
functions in another manner. 1 

Solutions of Laplace’s equation can be obtained 
in the form of polynomials generated by spherical 
harmonics.1,16 External spherical harmonics are 
given by the expression 


where R, 6 and y are spherical co-ordinates, and 
P,, (cos @) is the Legendre polynomial of order n, 


where 
(2n)! 
Po (cos @) = cos” @ 
n(n —1) 
22n—-1) cos 


n(n —1) (n—2) (n—3) 
= 


Spherical co-ordinates R and @ are related to the 
cylindrical co-ordinates r and z by the equations 


Substitution of Eqs. 4 into these equations yields 
the following relations between spherical co- 
ordinates and the curvilinear co-ordinates a and f. 


2 


R 


cos 0 = 


Harmonic functions in terms of a and f are obtained 
by substitution of Eqs. 7 into Eq. 6; thus, 


or 
2 
acosB cos 38 (8b) 


Each of these functions defines a particular dis- 
placement field and the corresponding stress field 
when used as a Boussinesq-Papkovich stress 
function. By superposition, the solution in terms 
of polynomials can be represented by 
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3) 


where a, and b, are coefficients to be determined 
to satisfy the boundary conditions. The stresses 
and displacements are calculated by substitution 
into the equations given in Appendix A. 

Arbitrary boundary conditions cannot necessarily 
be fitted exactly by the use of Eqs. 8and 9, but a 
satisfactory fit can be obtained at a large number 
of points on the boundary by the method of least 
squares. By this method the sum of the squares of 
the deviations of the calculated values from the 
stipulated boundary conditions is minimized. 

The problem for which a solution is sought is 
illustrated by Fig. 3. In the formation around an 
oil well the overburden stress increases approx- 
imately 1 psi/ft of depth, while inside the borehole 
the fluid pressure increases about 4 psi/ft. The 
boundary conditions of the problem are given by 

Overburden Pressure = 2,000 psi, 

Pressure Inside Cavity = 1,000 psi, 

Bit Loading Over Center Part of Hole, 
or 


Il 


co 


—2,000 psi | 
0 


q = —1,000 psi (except under bit) 
O@ = 
TaB = 

The solution of this problem, denoted by ‘‘A”’ in 
Fig. 4, is obtained by superposition of: B, a hydro- 
static compressive stress of 2,000 psi; C, a tensile 
stress of 1,000 psi acting on the cavity wall; and 
D, the simulated bit load. 


OVERBURDEN PRESSURE = 2000 psi 


Ay 


y 


PIERS 


FIG. 3 — ILLUSTRATION OF BOUNDARY CONDITIONS 
OF PROBLEM. 
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OVERBURDEN HYDROSTATIC 


FIG. 4 —-SUPERPOSITION OF SOLUTIONS. 


The hydrostatic stress distribution is given by 
the following. 


% = 9B = & = —2,000 psi, 
TaB = 0. 


Solution [C + D] is found by use of the Boussinesq- 
Papkovich polynomial solutions given by Eqs. 9. 
The coefficients a, and b, in Table 1 are determined 
from a least-square fit to the boundary conditions 
of Part C for a = 1 and 8°< B < 172°. The loading 
for Part D is obtained from this solution and is 
not actually an imposed boundary condition. 

The load distribution under the bit tooth given 
by this solution is shown in Fig. 5. The total load 
represented by this distribution is equivalent to 
200,000 lb in an 8 3/4-in. diameter hole. This 
load represents about twice the maximum load 
normally applied to present-day bits, but the mag- 
nitude of this simulated bit load could be decreased 
by allowing the load to act over a smaller area or 
by superposing concentrated tensile loads along the 
z axis. The boundary conditions are satisfied with- 
in + 8 per cent for the normal stress and within + 
1 per cent for the shearing stress by use of the 
least-square method at 2° increments onthe boundary. 
Stresses are plotted in Fig. 6 for a = 1 and a =1.5, 
and the stresses under the bit are shown in Fig. 7. 
The stresses along the z axis are shown in Fig. 8. 

Stresses in a semi-infinite body under approxi- 
mately the same loading as shown in Fig. 5 are 
calculated from the equations given in Appendix 
B and plotted in Fig. 9. Comparing the stress dis- 
tribution shown in Fig. 9 with that of Fig. 8, it 
can be seen that the results are in remarkably good 
agreement. 


TABLE 1 

n a, I. 

0 1432 1 = 1231 

2 1203 3 - 1210 

4 911 5 - 810 

6 515 7 - 415 

8 262 9 - 245 

10 175 VW - 184 

12 124 13 - 108 

14 63 15 - 46 
16 26 17 = 25 

18 15 19 =e 
20 9.6 21 - 
22 4.6 23 - 3.5 
24 1.6 25 - 1.26 
26 0.030 27 - 0.068 
a, =0, (oS 
b, = 0, 
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FIG. 5 — LOAD DISTRIBUTION AT CENTER OF HOLE. 
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FIG. 7 — STRESSES NEAR CENTER OF HOLE BOTTOM. 
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FIG. 9 — STRESSES ALONG z-AXIS FOR SEMI-INFINITE 
BODY WITH LOADING SHOWN IN FIG. 5. 


A direct comparison of the results obtained by 
the present analysis cannot be made with the works 
of Whitworth2 and Galle3 since the hole configura- 
tions are different, the values of Poisson’s ratio 
are not the same and the loading differs in the three 
analyses. However, qualitative comparisons can 
be made by neglecting the influence of Poisson’s 
ratio and by superposing a concentrated load obtained 
from Boussinesq’s solution!5 with the results of 
the other two authors. If it is assumed that the 
effect of the concentrated load can be effected by 
the Boussinesg solution, disregarding the corner,!” 
the stresses at the corner of an 8 3/4-in. hole 
produced by a concentrated load of 200,000 Ib 
acting at the center are 

P(1-2v) 


650 psi, 


—650 psi. 


Superposition of a hydrostatic stress of —2,000 psi 
and the Boussinesq solution with the negative of 
Whitworth’s solution gives 


~2,000 psi, 


Il 


Overburden Stress 


Stress at Boundary 
of Hole Due to Fluid Pressure = —1,000 psi; 


and at the corner of the hole the stresses are 
= -2,000 + 650 — 1,000 = —2,350 psi, 
= ~2,000 — 650 — 1,000 = —3,650 psi. 


Oy 


0. 


Y 
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Galle’s solution, when multiplied by 10 and super- 
posed with a hydrostatic loading of —1,000 psi and 
added to the Boussinesq solution, gives the same 
boundary conditions; and the stresses at the corner 
of the hole are 


1,600 — 1,000 + 650 = -1,950 psi, 


r 


y = -1,900 ~ 1,000 ~ 650 = -3,550 psi. 


I 
| 


0. 


These results are tabulated in Table 2. 


CONCLUSIONS 


Larger values for the stresses at the corner of 
the hole were obtained by photoelasticity and re- 
laxation analyses than were found by the stress- 
function calculations presented here. It appears 
likely that this difference is due largely to the 
much sharper corners used in the previous work. 
It is of interest to note that the ratios of the mag- 
nitude of the hoop stress to that of the radial stress 
is in rather good agreement for all three analyses. 

From the good agreement between the results 
for the loading at the center of the hole and a 
similar loading on a semi-infinite solid, it can be 
concluded that the presence of the sides of the 
hole has little effect upon the stresses beneath 
a bit tooth acting near the center of the hole. It 
is hoped that extensions of this study to analyses 
of the effects of bit tooth loading near the corner 
of the hole and to combinations of several teeth 
acting at various points on the bottom of the hole 
will aid in better understanding of the mechanics 
of oilwell drilling. 


NOMENCLATURE 


F = body force vector 
F,, F, = components of body force vector 
G = shear modulus 
hb, = curvilinear co-ordinate scale factor 


i, 7, R = unit vectors along x, y and z axes, 
respectively 


P,, = Legendre polynomial of order n 
R, 0, y = spherical co-ordinates 
7, Z, y = cylindrical co-ordinates 
u, Vv, w = displacements along x, y and z axes, 

respectively 

a, B, y = curvilinear co-ordinates 

oO, = normal stress 

TaB = shearing stress 


TABLE 2 — STRESSES AT THE CORNER OF THE HOLE 


Whitworth 
(Relaxation) 


Gall 


e 
Stress Function (Photoelastic) 


= —1,400 psi 0, = —1,950 psi G, = ~—2,350 psi 
Oy = —2,200 psi Oy = —3,550 psi Oy = —3,650 psi 
O. 

O; 
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10. 


v = Poisson’s ratio 
po = displacement vector 
Ww, ® = stress functions 
V = gradient operator 
V2 = Laplacian operator 
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APPENDIX A 


DISPLACEMENT AND STRESS FIELDS 
DEFINED BY THE BOUSSINESQ-P APKOVICH 
STRESS FUNCTIONS 


The displacement and stress fields for the 
Boussinesq-Papkovich stress functions can be 
calculated from the following equations after Stern- 
berg, Eubanks and Sadowsky.14 

For axisymmetric orthogonal 
otdinates defined by the transforms 


curvilinear co- 


r(a, B) cos y, 
y =f (a, 


the scale factors are* 
hy + : 
by = + 28 ) 


= 


z 


(A-2) 


and Laplace’s equation becomes 


0 [rb 0 [rb 
* $a) + ép) =0 


From the displacement fields for the Boussinesgq- 
Papkovich functions (Eqs. 2), the displacements 
become 


hi 
= 
98 
and 
1 
and the associated stresses in curvilinear co- 


ordinates are 


+h, ¢ ~— do, 
a exe? 0a hy 
hy dh» 
= 
h, dp $B Oa Pa» 
1 
/ 
dy 
Tap = by ho + by aR Pa + 
*Subscripts to functions originally without subscripts denote 
differentiation, and $B = = 
ap 
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and 


Oh; 


ob 
= hy? 28 
dbo 
hy? dbo 
z Va + (2v) (hg 
b,? 
= (by? tq hq + bp? 1g 


~ (2v) (by + Wa), 


Oh » oh, 
Top = hy hoz Yapt YB + by 9p Va 
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(1 2v) hyho (25 YB ZB Va) 
(A-7) 
APPENDIX B 


STRESSES UNDER LOAD DISTRIBUTED OVER 
PART OF THE BOUNDARY OF A SEMI- 
INFINITE SOLID 


The stresses produced by a uniform pressure q 
acting over a circular area of radius a are given by 
the following equations (see Timoshenko and 
Goodier 16), 


1 = | 
5 
(a2 422)3/? 


+ 20 + 


z 

Va + 22 
| 
Va? + 22 

The loading shown in Fig. 5 is approximated by 


constant values of a and g over 2° increments, and 
the resulting stresses are plotted in Fig. 9. xxx 
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A Numerical Solution to the Unsteady-State Partial- 
Water-Drive Reservoir Performance Problem 
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ABSTRACT 


Solutions to the unsteady-state partial water- 
drive reservoir performance problem can be obtained 
through the use of analogue computers or high-speed 
electronic digital computers. The solutions that 
have previously been resolved for use on digital 
computers, however, demand a knowledge of the 
aquifer parameters. Generally, the analogue com- 
puters now in use do not require this knowledge. 

A solution is presented herein where the aquifer 
performance, expressed in terms of difference 
equations, is related to the reservoir performance 
as expressed by the modified Schilthuis material- 
balance equation. A numerical procedure for a 
medium-sized digital computer also is presented in 
which a solution to the set of equations defining 
the aquifer and reservoir performance is obtained 
and the aquifer parameters (permeability and sand 
thickness) are automatically optimized while simul- 
taneously matching the known pressure behavior. 
Predicted pressure behavior can be calculated 
using rates from any assumed future production 
practice. The procedure provides an output format 
which presents the cumulative, incremental and 
average rate of natural water influx, the per cent 
gas-cap expansion, the calculated reservoir pres- 
sure, the measured reservoir pressure, and the differ- 
ence between the measured and calculated pressures. 

Results of a test problem are presented in com- 
parison with results obtained by the Bruce Analyzer, 
Ohio Oil Co,’s Pace General Purpose Analogue 
Computer, and Sun Oil Co.’s Single-Pool Electronic 
Reservoir Analyzer. These results indicate that 
unsteady-state reservoir performance for a single- 
pool system can be adequately simulated by a 
numerical method employing a digital computer and 
that the special-purpose analogue computer can be 
supplanted by this method. 


INTRODUCTION 


The numerical approach to the unsteady-state 


Original manuscript received in Society of Petroleum Engi- 
neers office Nov. 7, 1960. Revised manuscript received May 
2, 1961. 
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partial water-drive reservoir performance problem 
heretofore has been limited in that solutions have 
been resolved only for certain fixed parameters. 
Also, prior to the advent of high-speed electronic 
digital computers in the last few years, calculations 
were so tedious and time-consuming that they 
ordinarily were neglected, or some other means of 
obtaining the solutions were used. 

The analogue approach had been used for obtain- 
ing solutions to the transmission-of-heat problem 
and, consequently, means were developed for apply- 
ing the electrical analogue to the unsteady-state 
reservoir performance problem. Bruce submitted 
a paper for AIME publication in Sept. 1942, in which 
he described an electronic device (now called the 
Bruce Analyzer) for analyzing the water-drive 
performance of any reservoir, based on either steady 
or unsteady-state flow characteristics.1 

Sun Oil Co. adopted the analogue approach in 
1949 and now has two special-purpose high-speed 
electronic reservoir analyzers in use.2,3 Two main 
features of Sun’s analyzers are (1) the high repetitive 
rate of reproducing the entire history of reservoir 
performance cyclically a number of times per second, 
and (2) the elimination of the necessity of knowing 
the properties of the associated aquifer. Since the 
advent of larger and faster digital computers, the 
possibility of incorporating this second feature into 
a numerical approach appeared feasible. 

Previous work has been done and material pub- 
lished covering the application of numerical methods 
to the behavior of the pressure with respect to time 
at any point in an associated aquifer+ However, 
the aquifer parameters must be known from some 
source. The material presented in Ref. 4 has been 
used to a great degree in developing the numerical 
method described herein. 


DIFFERENTIAL EQUATION AND 
BOUNDARY CONDITIONS 


The problem of simulating the performance of a 
reservoir and the associated aquifer is to determine 
the characteristics of the aquifer such that the 


lReferences given at end of paper. 
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simultaneous solution of the material-balance equa- 
tion for the reservoir and the differential equation 
of the aquifer will produce a pressure decline match- 
ing the field-measured pressure-decline curve. 

The differential equation describing a radial 
aquifer, 7), <7 <7p, with variable permeability (K) 
and sand thickness (h) is 


dr Or ot 


Then if the variable changes 


r=rpe% 
and 
Po -P 
Z=— 
Pm 


are made, Eq. 1 becomes 


Kh 


which is the general expression in dimensionless 
radial distance and pressure for any point within 
the aquifer. 

The boundary conditions imposed on Eq. 2 are 
as follows. 

At the outer boundary of the aquifer, uw = 0 and 
radial flow is zero. This condition is satisfied if 


At the inner boundary of the aquifer or the original 
oil-water contact, a rate of influx (in reservoir 
volumes per unit of time) occurs across r,. Thus, 


But remembering that the influx is also equivalent 
to the difference between the vaidage from the 
reservoir and its expansion, then 


Ov(t) OE(t) _ AIlt) 


Ot Ot Ot 


Then the inner boundary condition is 
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m “au 


AVit)  AE(t) _| 2(Po~PmITKh / gz 
du 


NUMERICAL APPROXIMATION TO 
DIFFERENTIAL EQUATIONS 


The system defined by Eq. 2 and the boundary 
condition (Eqs. 3 and 4) can be expressed in terms 
of a system of difference equations which are alge- 
braic functions that can be solved numerically and 
whose solution converges to the solution of the 
solution of the system defined by Eqs. 2, 3 and 4. 

To write such a set of equations, a distance 
grid is set up by considering Z as a function of 
u and t at the points (i + 4) Au, nAt where 7 = 0, 1, 
2 are approximated by the following difference 
relationships. 


du du it 


ot 


nti din 
At 


Substituting Eqs. 5 and 6 into Eq. 2 yields 


At 
2( Au) Zit 


+ (KMD dn) 
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< 
Osu =In 
w 


which is the general expression for any point within 
the aquifer. 

The boundary condition defined by Eq. 3 (the 
outer boundary) is satisfied if either the permeability 
(K) or thickness (h) is zero. For convenience, let 
the permeability K be zero. Thus, 


Eq. 4 is approximated in difference form at the 


point Thus, 
4 
2Au 
ot j+ 
and 
At 


Substituting these approximations into Eq. 4 yields 


Vita gi Vip FEM, = 


(Ps-P At 


The left-hand member of Eq. 9 can be expressed 
in terms of the modified Schilthuis material balance. 
It is remembered that, during a giventime interval, 


A Voidage — A Expansion = A Influx. 


Now expressing this equation in terms of cumu- 
lative oil (An), gas (Ag) and water (Z) production 
with their respective compressibility factors, the 
expansion of the interstitial water (W) and the orig- 
inal in-place oil (N) and free-gas (G) values, we 
have for the time period between n and n+1 


186 


anu, +(Ag-Anro)Vz+Z [ -(Po-Z(Po- Pm 


ntl 


| 


Vol 


+ 


N(U,- Up) +G(V,~ Vo) + =A Influx , 
n 


L 


where U and V are the compressibility factors for 
the oil and gas, respectively, and are expressed as 
a function of the dimensionless pressure Z and 
where 7, is the original solution GOR. 

Thus, Eq. 9 expressed in terms of the modified 
Schilthuis material balance becomes 


anv, 


n 


Pn) Cw 


n 


(P,-P,,)AtTT 


pou (Kh); 


(10) 
The system defined by Eq. 7, 8 and 10 can be 


expressed in the following form if terms are re- 
arranged. 


AiZi +823 +CiZ5 = Din 
2 2 2 
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n+l 


where for any value of i #7 and n = 0,1,2, + 


IAt 
A,= —=— (Kh). 
I (Au)@ F 


TAt 
+ 


TAt 
i (Au) 
D. 
R its 
IAt 
ITAt 
and for i =7 (the inner boundary) and nm =0,1,2, ... 
pau (Kh), = A, 
(NU GV). (NU_+ 


| anv, +(Ag-Anro) Vz 


+ 
+ | anu, +(Ag-Anr,)V, 
n 


(Kh), (Z 


It should be noted that 4,,,, is the average for- 
mation thickness of the segment lying between 7 
and i+1. In B;, thus 4,,,, is equivalent to the value 
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of b in the term (Kh);,4. The constants I, J, L and 
M are unit conversion constants for converting 
practical oilfield units to the demanded ‘‘cgs” 
system. Thus, 


I = 1.3167 x 10°, 
J = 4.1626 x 10°, 


L = 8.2733 x 10°, 


and 


M = 2.3372 x 10°, 


SOLUTION TO THE SYSTEM OF 
DIFFERENCE EQUATIONS 


The system of equations as defined by Eq. 11 
now contains coefficients which can be determined 
through use of practical oilfield units. Also notice 
that the system of equations is of the form of a 
tridiagonal matrix which is readily adaptable to 
machine computations. Gaussian elimination can 
be used to obtain the solution to the system of 
equations.© Referring to Eq. 11, let 


OSi< 


and 


/ / 
Dy n (Do n)/Bo 


/ / 


The solution is 


/ 


if 
= 
ntl Di ntl 


Then in machine computations, B’4 and 
are calculated in order of increasingi (the forward 
solution), and zis calculated in order of decreasing 
i (the backward solution). The solutions to Eq. 12 
and 13 are independent of time and remain fixed 
for a given set of aquifer parameter values, but 
Eqs.14, 15 and 16 have to be solved at the end of 
every time period (n), Thus, a part of the forward 
solution need be performed only once for a complete 
history with a given set of aquifer parameters. 

In applying this scheme to Eq. 11, an iterative 


187 


+ Woy (Po-PmZ 2544 


process is required at the end of the forward solu- 
tion before the backward solution is performed. If 
the definition of Din is referred to, it can be seen 
that voidage and expansion terms are indicated 
involving U, and V, at the end of time period (n+1). 
As can be seen from Eqs. 14 and 15, Dj, 4 1s required 
for calculating Z;,1, .41, the dimensionless pressure 
of the reservoir at time (n+l). This necessitates 
the use of an iterative process in which the difference 
between an assumed value of Z543;,n41 in Din and 
the value of Zj11, ,4; as determined from Eq. 15 
satisfies a specified criterion. 

An iteration that will accomplish the required 
covergence can be performed by first assuming 


a starting value of Zj4%,n+1 from the equation, 


Using the value of Ziyy, n+l (designated as Z,) 
thus determined, D; ,,1 (designated as Dj) is cal- 
culated using Fas and 15. The second assumed 
value of Zisyntl (designated as Z,) is obtained 
by averaging Z, and Dy. The resultant Zjis used 
to calculate a second value of D; (designated 

3 
Dy ). These four values define two points on a 
rectangular co-ordinate system in which Z is the 
independent variable and D” is the dependent vari- 
able. A third value of (designated as 
Z**) is obtained from the equation 


/ 


Using Z’, a third value of D;,,,, (designated 
as D’’) is calculated from Eq. 14. Then if 2” 
agrees with D” within a specified accuracy, the 
backward solution is obtained by solving Eq. 16 
in decreasing order of 7. If the criterion is not 
satisfied, then Z ’’is inserted into Eq. 18 for Z2 
and D’’ for D4 and Z’’’is resolved holding Z, and 
Dj fixed. Z’’’ is used in Eq. 14 to determine D“”” 
If Z’’’ and D*’’ do not satisfy the criterion, the 
process is repeated. Ordinarily, satisfactory con- 
vergence can be obtained with less than 10 iterations. 


MACHINE PROCEDURE FOR 
OPTIMIZING AQUIFER PARAMETERS 


A method, which is readily adaptable to machine 
computations, has been described in which the pres- 
sure distribution in the aquifer and the pressure 
within the reservoir can be calculated with a given 
set of production figures, fluid and gas compress- 
ibility factors, and aquifer parameters. If the assumed 
values of the aquifer parameters are incorrect, then 
the calculated reservoir pressures as provided by 
this method would not match the actual measured 
reservoir pressures. 

Then the problem of designing a procedure for a 
medium-sized digital computer, in addition to being 
centered around inverting the matrix defined by Eq. 
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11 and the iterative process at the inner boundary, 
is primarily concerned with devising a means of 
varying the aquifer parameters (permeability K and 
formation thickness 4) for each aquifer segment such 
that the proper values can be chosen. The criterion 
for measuring the goodness of the K and / values 
is the degree to which the calculated reservoir 
pressures match the actual measured reservoir 
pressures. Then, for a given set of K’s and h’s, 
the performance can be calculated and the see 


from measured pressures can be expressed by 2 da 

n= 
The value of / for the inner aquifer can be varied, 
a history calculated and a second Xd? obtained. 
In the same manner, a third Xd? can be obtained. 
Thus, three values of ) and corresponding Sd? are 
obtained. Treating {d2 as the dependent variable, 
a second-order polynomial can be fitted to these 
points and an improved value of ) can be obtained 
by finding the minimum of this polynomial. This 
optimized value is then substituted for the original 
hb, and the remaining K’s and h’s are optimized 
sequentially in the same manner until the outer 
boundary is reached. Then the entire calculation 
from inner to outer boundary is repeated until the 
goodness of fit is not improved or no change is 
indicated in the K and / values. At this point, the 
aquifer is adequately defined. 

The sequence of calculations performed by a 
medium-sized computer to accomplish the foregoing 
adheres to the following procedure. 

1. Perform calculations with data in whichresults 
are completely independent of time or the aquifer 
parameters K and bh. 

2. Perform calculations for determining the coef- 
ficients of Eq. 11 using an assumed set of K’s and 
prs: 

3. Cs and pattial 
that part of the forward solution to the matrix inver- 
sion which is independent of time is calculated 
and does not need to be repeated for a given set 
of 

4. Solve Eq. 15 for a given time (m) using the 
iterative process described previously. This com- 
pletes the forward solution to the matrix inversion 
and yields as a result the dimensionless reservoir 
pressure Z 

5. Before performing the backward solution to 
the matrix inversion, Zj41) 1S converted to pressure 
in pounds per square inch and compared to the 
measured pressure. The difference (d) is determined. 
squared, added to the previous Xd2 and stored. 

6. The backward solution is next performed by 
solving Eq. 16 and yields as aresult the dimension- 
less pressure for each aquifer segment. These 
values are stored for use in the calculation of the 
D,’s of Eq. 11 for the next time step. 


7. The time (n) is increased by one, and Steps 
4, 5 and 6 are repeated. This repetition is continued 
until a history has been calculated. 

8. With the completion of a history, the Sd? 
formed in Step 5 (designated Xd”) is stored along 
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with the value of b used for the inner or jth aquifer 
segment (designated as object parameter zero, or 
O.P.9). 

9. The value of h for the inner or jth segment is 
modified and, using the previously assumed values 
of K’s and h’s for the remaining aquifer segments, 
Steps 2 through 7 are repeated. 

10. The Xd ? formed in Step 5, now designated as 
Das 2 is stored along with the modified value of 
h from Step 9, now designated as O.P.,. 

11. The value of 4 is again modified and steps 
2 through 7 are again repeated. 

12. The Sd? formed in Step 5, now designated as 
Sao is stored along with the corresponding value 
of 

13. With the completion of Step 12, three sets of 
are formed. A second-order polynomial with the 
O.P. being the independent variable is fit through 
these points. 

14. Having obtained the polynomial, the first 
derivative is obtained and set equal to zero, and 
the optimum value of the O.P. is obtained. 

15. This optimum value is used as another modified 
value of 4 (O.P.3), Another history is calculated 
(Steps 2 through 7) and the resulting Xd? is stored 
with the extrapolated value of 4 as (Xd, ZrO} P. 3). 

16. O.P.9, O.P.4, O.P., and O.P.3 are compared, 
and the one having the lowest value of Xd2 is 
inserted as the best value of h into the set of K’s 
and h’s for the aquifer segments. The Xd2’s and 
corresponding O.P.’s are typed out along with the 
set of K’s and h’s. 

17. Next, the K of the (j-1)th segment is chosen 
as the object parameter and Steps 2 through 16 
are repeated. 

18. The 4 of the (j-1)th segment next is chosen 
as the object parameter and Steps 2 through 16 are 
repeated. 

19. This process is repeated using K’s and h’s 
alternately as the object parameter and moving out 
to the next aquifer segment after each pair until 
the outer segment is reached. 

20. After the K and hb of the outer segment is 
optimized, another complete history is calculated. 
In calculating this history, results other than 
pressures are obtained. The cumulative expansion 
of the interstitial or bottom water, the cumulative 
water influx, incremental water influx, water-influx 
rate (all in practical units), gas-cap expansion as 
a per cent of original gas-cap volume, the calculated 
reservoir pressures, the difference between the 
calculated and measured reservoir pressures and, 
after the last time period, the Xd2 and the standard 
pressure deviation in pounds per square inch are 
typed out. 

21. After the type-out, calculations are again 
started at the inner boundary, and Steps 2 through 
20 are repeated. If the values of K and h do not 
change, the aquifer is considered to be adequately 
defined. If the values of K and h do change, cal- 
culations are again started at the inner boundary 
with another repetition of Steps 2 through 20. This 


SEPTEMBER, 1961 


process is repeated until there is no change in the 
values of K and bh, 

Predictions have not been mentioned in the pre- 
ceding outline. However, in Step 20, with given 
production information, predictions are automatically 
made after the history calculations. The type-out 
format is the same with the exception that there 
are no measured pressures and, therefore, no pres- 
sure difference. Each time Step 20 is reached, there- 


fore, a type-out is obtained containing both history 
and predictions. 


NOMENCLATURE 
Z =dimensionless pressure function defined by 
P,-P 
where P, is the original 


pressure in psi, P is the pressure at a 
given time, and P, is the lowest pressure 
that is expected to be encountered 4 
t =number of the boundary separating the aquifer 
segments. z=] at the inner boundary or 
boundary between the oil zone and the inner 
aquifer segment (the original oil-water 
contact). The value of i varies from zero 
at the outer boundary to a value of 5 at 
inner boundary for a five-segment aquifer 
and to a value of 10 for a 10-segment 
aquifer. 
nm = number designating a particular time period 

At =time period in days. All At’s must be equal 
in length. At is obtained by taking the 
total time in question (history plus predic- 
tions) in days and dividing by the number 
of time periods (n) desired. 

Au = dimensionless length of an aquifer segment. 
Au is a logrithmic function defined by the 


aquifer segments. 


TR 
In ica divided by the number of desired 


Tp =tadius of the aquifer, ft 
r y =tadius of the reservoir, ft 
= fractional porosity of the reservoir. For 
practical purposes, it is assumed that the 
reservoir formation porosity also prevails 
in the aquifer formation 
. =viscosity of salt water at the prevailing 
pressure and temperature, cp 
c = compressibility of salt water, psi-l. If rock 
compressibility is a factor, it is included 
in this term 


= compressibility of salt water only, psi-1l 
Kj, = average permeability, darcies, of the aquifer 
segment lying between z and 7+1 
h;,, = average thickness of the aquifer segment, 


ft, lying between 7 andi + 1 
N =original in-place oil, STB 
G =original gas-cap volume, Mcf 


= 
Il 


original interstitial or bottom-water volume, 


bbl 
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An =cumulative oil production at the end of a 
given time period, STB 


Ag =cumulative gas production at the end of a 
given time period, Mcf 

Z =cumulative water production at the end of 
a given time period, bbl 

r, = original solution GOR, Mcf/STB 

U, =two-phase formation volume factor for oil, 
defined as the reservoir space occupied 
by 1 STB of oil and the solution gas 
originally associated with it at any given 
pressure Z, reservoir bbl/STB 

= formation volume factor for gas, defined as 


the reservoir space occupied by 1 Mcf 
of gas at any given pressure defined by 
Z, reservoir bbl/Mcf 
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APPENDIX 


TEST PROBLEM — MAIN CONROE RESERVOIR, 
CONROE FIELD, TEX. 


The Main Conroe reservoir was chosen as a test 
problem because: (1) reliable data were available; 
(2) the producing mechanism is a combination gas- 
cap and water-drive system; and (3) the results 
obtained from the calculations can be compared 
with those obtained from Sun’s Single-Pool Electronic 
Reservoir Analyzer, the Bruce Reservoir Analyzer 
and Ohio Oil Co.’s Pace General Purpose Analogue 
Computer.6-8 


BASIC ASSUMPTIONS AND DATA 


The basic assumptions used in the Conroe anal- 
ysis are listed in Table 1. 
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TABLE 1 — BASIC ASSUMPTIONS USED 
FOR TEST PROBLEM ANALYSIS, MAIN CONROE RESERVOIR 
CONROE FIELD, TEX. 


Original In-Place Oil . . « « 801,440,000 STB 
Original Gas-Cap Volume .... + « « 336,980,000 Mcf 
Original Solution Gas-Oil Ratio. . . 600 cu ft/STB 
Original Oil Formation Volume Factor. . 1.2050 res bbI/STB 
Original Gas Formation Volume Factor. . 1.1870 res bbI/Mcf 
Interstitial Water . . . 20,000,000 bbl 


Original Pressure at Datum ...... 2,180 psia 
Average Gross Sand Thickness. ... 200 ft 
Reservoir Radius ry, (as cal. for radial case). . . . . 6,600 ft 
Aquifer Radius rp = 40) e264, 


Water Compressibility plus 

Formation Compressibility (C) . . . + 6.81076 


The original pressure as indicated by measured 
pressures on Fig. 1 was 2,250 psia. However, the 
analyses performed on both Sun’s single-pool ana- 
lyzer and Ohio Oil Co.’s analogue computer indicated 
that the original pressure should be 2,180 psia. 
Therefore, for this analysis the original pressure of 
2,180 psia was used. 

The analysis performed by the Ohio Oil Co. encom- 
passed the Conroe performance only through Jan. 1, 
1952. Thus, the history involved in this analysis 
goes only to Jan. 1, 1952. Then for the convenience 
of calculations, initial production was assumed to 
have occurred on Jan. 1, 1932, and a time increment 
or period of 182.5 days (six months) was used. The 
production and pressure statistics based on time 
intervals of 182.5 days are presented in Table 2. 
The pressures, as presented in Table 2, are inter- 
polated values obtained by plotting the measured 
pressures and using straight-line interpolation 
between pressure points. The measured pressures 
are plotted on Figs. 1 and 2. The PVT data are 
presented in Table 3 where both U and V are ex- 
pressed as functions of pressute (pounds per square 
inch absolute) and the dimensionless pressure 
function Z, 


APPROACH 


The actual analysis was performed in two parts. 
The first part was designed to test the predictive 
powers of the numerical method. Thus, a part of the 
past performance was used as “‘history’’ and the 
remaining portion was used as ‘“‘future’’. In this 
way a match to the history could be obtained, 
predictions made using the actual production, and 
then a comparison of the predicted pressures and 
the measured pressures could be made. The division 
of the performance into history and future was the 
same as that in the analysis performed by Ohio Oil 
Co. onthe Pace General Purpose Analogue Computer. 
Time previous to Jan. 1, 1943, was used as history, 
and subsequent time through Jan. 1, 1952, was used 
as future. Thus, the predicted pressures not only 
could be compared with measured pressures, but 
they also could be compared with the predictions 
made by Ohio. The aim of the second part of the 
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Press, Cum. Oil Cum. Water 

Date (psia) Prod. (STB) Prod. (bbl) 

]-1-32 2180 0 0 
7-1-32 2177 1,341,096 0 
1-1-33 2170 2,681,691 0 
7- 1-33 2148 9,784,770 0 
]-1-34 2125 23,440,301 0 
7- 1-34 2110 32,325, 186 0 
1-1-35 2103 39,819,896 71,470 
7-1-35 2105 47,414,017 143,243 
1-1-36 2096 54,185,666 188, 180 
7- 1-36 2089 61,129,694 346,001 
]- 1-37 2086 67,378, 129 621,511 
7-1-37 2071 74,007,965 1,237,936 
1-1-38 2070 80,288,085 1,955,796 
7- 1-38 2077 85,420,752 2,540,916 
1-1-39 2081 89,939,817 3,075,559 
7-1-39 2084 94,079,034 3,637,095 
1-1-40 2088 97,807,353 4,233,114 
7-1-40 2088 101,842,090 5,316,796 
1-1-4] 2086 105,976,912 6,667,947 
7- 1-41 2083 110,693,569 8,243,152 
1- 1-42 2075 116,325,407 10,303,045 
7-1-42 2067 121,994,709 12,259,760 
}-1-43 2058 128,616,349 14,457,438 
7- 1-43 2048 136,611,380 17,423,141 
1-1-44 2029 147,542,601 21,984,941 
7-1-44 2005 158,657,723 27,417,511 
1-1-45 2003 169,849,367 32,471,516 
7-1-45 1988 180,887,165 37,984,397 
]-1-46 1976 190,411,918 43,371,194 
7- 1-46 1963 199,922,874 49,642,250 
1- 1-47 1952 210,459,721 56,024,549 
7-1-47 1944 220,774,533 62,864,018 
1- 1-48 1936 231,740,016 71,001, 152 
7-1-48 1917 242,437,265 80,637,545 
1-1-49 1918 251,569,049 89,510,757 
7- 1-49 1919 257,592,185 96,020,745 
]-1-50 1926 262,732,935 103,025,693 
7-1-50 1924 267,885,501 110,850,275 
1-1-5] 1920 274,225,279 120,710,305 
7-1-51 1903 280,900,564 131,513,601 
]-1-52 1900 287,877,554 142,354,003 


Cum. Water 
Inj. (bbl) 


425,740 
1,726,335 
3,162,063 
4,808,602 
6,804,763 
9, 150,546 

11,423, 390 
13, 179, 242 
14,909, 110 
16,636,036 
18,929,656 
21,179,343 
23,522, 371 


TABLE 2 — MAIN CONROE RESERVOIR PRODUCTION AND PRESSURE STATISTICS 


Net 
Cum. Water 


Prod. (bb!) 


oooocoo 


71,470 
143,243 
188, 180 
346,001 
621,511 

1,237,936 
1,955,796 
2,540,916 
3,075,559 
3,637,095 
4,233,114 
5,316,796 
6,667,947 
8,243, 152 
10,303,045 
12, 259,760 
14,457,438 
17,423, 141 
21,984,941 
27,417,511 
32,471,516 
37,984,397 
42,945,454 
47,915,915 
52,862,486 
58,055,416 
64, 196,389 
71,486,999 
78,087,367 
82,841,503 
88, 116,583 
94,214,239 
101,780,649 
110, 334,258 
118,831,632 


Cum. Gas 
Prod. (Mcf)_ 
0 
3,332,412 
6,412,824 
14,900,678 
24,295,374 
30,585,954 
35,940,966 
41,313,677 
46,221,132 
50,923,634 
54,994,547 
59,843,930 
64,227, 103 
67,579,098 
70,413,230 
72,842,724 
75,044,349 
77,298,214 
79,689,996 
82,349,469 
85,469, 153 
88,685,435 
92,402,515 
96,737,481 
102,403,644 
108,565,599 
115, 162,979 
121,797,080 
128,037,651 
134,159,643 
141, 180,021 
147,509,416 
154,771,643 
161,803,778 
167,936,891 
171,741,098 
175, 136,593 
178,653, 325 
183,040,036 
187,932,039 
193,361, 197 


analysis was to obtain an over-all match of the 
history through Jan. 1, 1952. These results then 
could be compared with those obtained by the 
Bruce Analyzer and Sun’s single-pool analyzer. 


RESULTS 


The results of the first part of the analysis are 
indicated on Table 4. On Fig. 1 are presented the 
history pressure match with predictions as calculated 
the numerical method, the history pressure match 
and predictions made by the Ohio analogue computer 
and the actual measured pressures through Jan. 1, 
1952. Table 5 is a comparison of the two matches. 

The results obtained by the numerical method 
are very favorable when compared to that of the 
Ohio Oil Co.’s analogue computer. Notice that, 
even though the predictions calculated by the 
numerical method are consistently high (the maximum 
pressure difference of 19.8 psi is attained on July 
1, 1948), the character of the predicted pressure 
decline is similar to that of the measured pressure 
decline; at the end of the predictions (ganerlelo)2, 
nine years of predictions), the calculated pressure 


is only 13.6-psi high. 


SEPTEMBER, 1961 


The second part of the Conroe analysis was per- 
formed by matching the history through Jan. 1, 
1952. The results obtained from the performance 
calculations are indicated on Table 4a. The cal- 
culated pressures are shown on Fig. 2 along with 
the measured pressures, the pressure match obtained 
by Sun’s single-pool analyzer, and the pressure 


TABLE 3 — MAIN CONROE RESERVOIR FLUID PVT DATA 


Pressure (psia) V (res bbI/Mcf) U(res bbI/Mcf) 
2180 0 1.1870 1.2050 
2164 039474 1.1970 1.2080 
2115 -17105 1.2260 1.2180 
2065 30263 1.2560 1.2290 
2015 43421 1.2890 1.2400 
1965 +56579 1.3220 1.2530 
1915 69737 1.3580 1.2660 
1865 82895 1.3950 1.2800 
1815 96053 1.4350 1.2950 
1765 1.0921 1.4750 1.3100 
1715 1.2237 1.5170 1.3270 
1665 1.3553 1.5650 1.3460 
1615 1.4868 1.6220 1.3660 
P,-P 

*Z =5—p— where P,, is the lowest pressure value expected 


Po - Pm 
to be encountered (P,, = 1,800 psia). 
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match obtained by the Bruce Analyzer. The matches 
obtained by both Sun’s analyzer and the Bruce 
Analyzer go only through July, 1949. Table 6 is a 
comparison of the three matches. 

Notice that the match obtained by the Bruce 
Analyzer (Fig. 2) indicates an original pressure of 
2,215 psi. Then the figures quoted in Table 6 for 
the Bruce Analyzer do not pertain to the match 
previous to April 20, 1933. The character of the 
pressure decline, as determined by the numerical 
Method, is similar in nature to that of the measured 
pressures and matches the pressure at the end of 
history, Jan. 1, 1952. Comparatively speaking, the 
results as determined by the numerical method are 
in excellent agreement with those as obtained by 
analogue devices. 


TIME REQUIREMENTS 


Heretofore, the time requirements for a numerical 
solution to the unsteady-state reservoir performance 
problem was considered to be prohibitive due to the 


number of 4 and K combinations in a 10-segment 
aquifer that would have to be tried before a ‘‘fit’’ 
or ‘‘match’’ to the known pressure decline could 
be obtained. However, the procedure resolved for 
optimizing the aquifer parameters reduced the time 
requirements to within the realm of practicality for 
a medium-size drum computer. In essence, the 
analysis of the performance of a reservoir requires 
(1) the loading of data and the program on the com- 
puter memory drum, (2) going through the manual 
portion of the procedure, (3) putting the computer 
on the automatic mode of calculations and (4) return- 
ing after approximately 24 to 36 hours of unattended 
computer operation to find the final results typed out. 


The computing time requirements for a given 
problem (using the Bendix G-15 digital computer) 
can be roughly determined by the fact that an average 
of approximately 40 seconds is required for all the 
calculations about one history point or time period. 
Then if 10 aquifer segments are to be used, a total 
of 60 histories will be calculated in optimizing the 


TABLE 4 — MAIN CONROE RESERVOIR PERFORMANCE CALCULATION RESULTS 


Cum. Exp. 
Interst. Cum. Inc, Influx Gas-Cap Calc, Meas. 
Water Influx Influx Rate Exp. (% of Press, Press, Press. 

Date (bbl) res bbl) res bbl) (res B/D) Orig. Vol.) (psia) (psia) Diff, 
1-1-32 0 0 0 0 100.00 2180.0 2180 0 
7- 1-32 603 1.409 1.409 772) 99.70 2171.1 2177 -5.9 
]- 1-33 972 3.961 2.552 13983 99.26 2165.7 2170 -4.3 
7- 1-33 2585 9.599 5.638 30894 99.08 2142.0 2148 —6.0 
1- 1-34 4195 19.286 9.687 53080 99.85 2118.3 2125 —6.7 
7- 1-34 4711 28.543 9.257 50723 99.93 2110.7 2110 
1-1-35 5099 36.743 8.200 44933 99.95 2105.0 2103 2.0 
7-1-35 5493 44.980 8.237 45135 99.99 2099.2 2105 —5.8 
1- 1-36 5744 52.994 8.014 43911 99.92 2095.5 2096 - 5 
7-1-36 6016 60.848 7.854 43036 99.95 2091.5 2089 2.5 
]- 1-37 6153 68.430 7.582 41544 99.95 2089.5 2086 3.5 
7- 1-37 6531 76.216 7.787 42666 99.96 2084.0 2071 13.0 
]- 1-38 6755 84.189 7.973 43687 99.94 2080.7 2070 10.7 
7- 1-38 6754 91.406 7.217 39546 99.86 2080.7 2077 57/ 
]-1-39 6699 97.927 6.521 35731 99.78 2081.5 2081 <5 
7- 1-39 6619 103.920 5.992 32835 99.73 2082.7 2084 —1.3 
]- 1-40 6535 109.480 5.558 30456 99.68 2083.9 2088 —4,1 
7- 1-40 6590 115.000 5.526 30277 99.77 2083.1 2088 -4.9 
1-1-4] 6700 120.730 5.726 31376 99.88 2081.5 2086 —4.5 
7-1-41 6911 126.760 6.027 33026 100.09 2078.4 2083 —4.6 
]-1-42 7277 133.460 6.701 36718 100.45 2073.0 2075 —2.0 
7-1-42 7570 140.590 7127 39052 100.73 2068.7 2067 1.7 
]-1-43 8012 148.250 7.662 41981 101.15 2062.2 2058 4.2 


Unweighted Xd* = 596.95 


Standard Deviation = +5.2] psi 


Weighted Xd? = 240.69 


Predictions 


7-1-43 8647 157.060 8.813 
1-1-44 9756 167.970 10.910 
7-1-44 10804 180.790 12.825 
1-1-45 11724 194.510 13.713 
7-1-45 12589 209.000 14.490 
1- 1-46 13132 223.510 14.512 
7-1-46 13671 237.920 14.410 
1- 1-47 14382 253.030 15.116 
7-1-47 14906 268.450 15.411 
1-1-48 15747 284.620 16.173 
7-1-48 16537 301.840 17.219 
1-1-49 16931 318.670 16.831 
7-1-49 16562 333.290 14.618 
1-50 16408 346.300 13.009 
7-1-50 16439 359.280 12.984 
1-1-51 16926 373.080 13.803 
7-1-51 17500 388.070 14.986 
1-1-52 18117 403.750 15.682 


SEPTEMBER, 1961 


48288 101.79 2052.8 
59779 102.94 2036.5 
70272 103.93 2021.1 
75142 104.71 2007.6 
79395 105.41 1994.9 
79519 105.68 1986.9 
78957 105.99 1979.0 
82829 106.35 1968.5 
84445 106.73 1960.8 
88620 107.21 1948.4 
94348 107.67 1936.8 
92227 107.77 1931.0 
80097 107.40 1936.4 
71282 107.17 1938.7 
71147 107.05 1938.3 
75630 107.26 1931.1 
82116 107.44 1922.7 
85926 107.54 1913.6 
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TABLE 4a — MAIN CONROE RESERVOIR PERFORMANCE CALCULATION RESULTS 


Cum, Exp. 

Interst. Cum. Inc. Influx Gas-Cap Calc. Meas. 

Water Influx Influx Rate Exp. (% of Press. Press. Press 
Date (bbl) (106 res bbl) (106 res bbl) (res B/D) Orig. Vol.) (psia) (psia) Diff. 
]-1-32 0 0 0 0 100.00 2180.0 2180 0 
7-1-32 621 VESPZ 1.327 7272 99.71 2170.9 2177 —6.1 
]-1-33 1012 3.764 2.437 13354 99.29 2165.1 2170 -4.9 
7-1-33 2674 9.142 5.378 29469 99.14 2140.7 2148 -7.3 
]-1-34 4359 18.416 9.273 50813 99.97 2115.9 2125 -9.1 
7-1-34 4920 27.427 9.011 49376 100.08 2107.6 2110 —2.4 
1-1-35 5328 35.514 8.088 44315 100.12 2101.6 2103 -1.4 
7-1-35 5740 43.655 8.141 44607 100.17 2095.6 2105 -9.4 
1-1-36 6005 51.593 7.938 43496 100.11 2091.7 2096 —4.3 
7- 1-36 6286 59.392 7.799 42733 100.15 2087.6 2089 —1.4 
1-1-37 6432 66.931 7.539 41308 100.16 2085.4 2086 - 6 
7-1-37 6820 74.660 7.729 42352 100.18 2079.7 2071 8.7 
]-1-38 7057 82.563 7.903 43305 100.17 2076.2 2070 6.2 
7-1-38 7060 89.766 7.203 39468 100.08 2076.2 2077 — 8 
]-1-39 7004 96.299 6.533 35798 100.00 2077.0 2081 —4.0 
7-1-39 6921 102.310 6.013 32948 99.96 2078.2 2084 —5.8 
1-1-40 6835 107.890 5.579 30569 99.91 2079.5 2088 —8.5 
7-1-40 6891 113.410 5.524 30266 100.00 2078.7 2088 -9.3 
]-1-41 7006 119.110 5.698 31219 100.11 2077.0 2086 ~9.0 
7-1-4] 7226 125.080 5.972 32723 100.33 2073.7 2083 -9.3 
1-1-42 7609 131.690 6.611 36224 100.70 2068.1 2075 -6.9 
7-1-42 7919 138.720 7.025 38491 101.00 2063.5 2067 -3.5 
]-1-43 8381 146.270 7.547 41353 101.43 2056.7 2058 -1.3 
7-1-43 9045 154.920 8.651 47401 102.10 2047.0 2048 -1.0 
1-1-44 10197 165.560 10.648 58343 103.29 2030.0 2029 1.0 
7-1-44 11297 178.080 12.513 68566 104.33 2013.9 2005 8.9 
1-1-45 12265 191.520 13.439 73638 105.15 1999.6 2003 —3.4 
7-1-45 13174 205.750 14,230 77970 105.89 1986.3 1988 -1.7 
1-1-46 13754 220.060 14.311 78419 106.19 1977.7 1976 1.7 
7-1-46 14322 234.310 14.250 78082 106.53 1969.4 1963 6.4 
]-1-47 15066 249.240 14.936 81842 106.91 1958.4 1952 6.4 
7-1-47 15620 264.490 15.245 83536 107.33 1950.3 1944 6.3 
]-1-48 16496 280.470 15.985 87587 107.84 1937.4 1936 1.4 
7-1-48 17325 297.470 16.997 93136 108.33 1925.2 1917 8.2 
1-1-49 17748 314.150 16.680 91397 108.46 1919.0 1918 1.0 
7-1-49 17385 328.780 14.625 80136 108.09 1924.3 1919 5.3 
1- 1-50 17224 341.850 13.076 71652 107.85 1926.7 1926 of 
7-1-50 17257 354.850 12.994 71198 107.74 1926.2 1924 Zea 
]-1-51 17758 368.570 135727 75215 107.96 1918.9 1920 -1.1 
7-1-51 18359 383.410 14.834 81280 108.17 1910.0 1903 7.0 
1-1-52 19008 398.920 15.511 84989 108.29 1900.5 1900 3s 


Unweighted = 1240.64 


Standard Deviation = + 5.57 psi 


Weighted = 764.19 


TABLE 5 — COMPARISON OF HISTORY 
PRESSURE MATCH AND PREDICTIONS, 
NUMERICAL METHOD YS OHIO OIL CO.’S 


TABLE 6 — COMPARISON OF 
PRESSURE MATCHES 


Maximum 


ANALOGUE COMPUTER 


History Maximum 

Standard Pressure 

Deviation Difference 

Numerical Method +5.21 psi 19.8 psi 
Ohio’s Analogue Computer +6.63 psi 17.0 psi 


aquifer parameters for one pass from the inner to 
the outer boundary of the aquifer. If all 40 points 
as provided for in the program are used in this 
history, then a total of 2,400 history points will be 
calculated, requiring a total of approximately 26 
hours to attain one history type-out on the automatic 
mode of operation. (Each time the outer boundary 
is reached, a complete history and predictions are 
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Standard Pressure 
Deviation Difference 


+5.57 psi 


Numerical Method 


Sun’s Single-Pool Electronic 
Reservoir Analyzer 


9.4 psi 


+5.86 psi 17 psi 


Bruce Analyzer +8.34 psi 17 psi 


typed out.) Most problems would not need over five 
passes through the aquifer parameters; thus, a 
maximum time requirement normally would be in the 
neighborhood of 100 to 130 hours. This is an exag- 
gerated number, and in most cases much less com- 
puting time would be required. 
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ABSTRACT 


Alcohol floods of consolidated sandstone cores 
have shown the process to be strongly dependent 
on the phase behavior of the particular alcohol- 
oil-water system used. This means that in many 
cases the mechanism does not conform to the idea 
of a piston-like displacement. Instead, it is found 
that by changing the alcohol it is possible to change 
the relative velocities of the oil and water and, 
in fact, the entire mechanism of the process. 

The effects of rate, viscosity, initial saturation, 
distance travelled and hysteresis of relative perme- 
ability on the alcohol flooding mechanism are dis- 
cussed, 


INTRODUCTION 


Reasons for interest in the use of alcohol to 
miscibly displace oil and water from a porous medium 
appear in the existing literature.!-? The mechanism 
of the displacement has been considered and the 
apparent implications formulated into a theory which 
presumably would enable one to predict the essential 
features of the process.© Unfortunately, most of the 
reported experiments have been performed with 
unconsolidated or artificially consolidated sands. 
With these systems some of the noteworthy facets 
of the process are obscured and resulting data 
appear uncertain. 

It is the purpose of this paper to show how the 
use of consolidated sandstones has led to revision 
of the mechanism and, hence, the theory of alcohol 
flooding. 

The practical result is increased pessimism 
toward the possibilities of commercial application 
of the simplest form of the alcohol-slug process. 
However, elucidation of the mechanism has made 
it possible to define the essential characteristics 
of a system of slugs which will behave in a nearly 
piston-like fashion and, thus, yield the best possible 
result. 


Original manuscript received in Society of Petroleum Engineers 
office July 19, 1960. Revised manuscript received Feb. 20, 
1961. Paper presented at 35th Annual Fall Meeting of SPE, 
Oct. 2—5, 1960, in Denver. 


l References given at end of paper. 
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EQUILIBRIUM PHASE BEHAVIOR 


Fig. 1 is a diagram of the ternary system isopropyl 
alcohol (IPA)-Soltrol-calcium chloride brine. * Brine 
was used to prevent plugging of the core and calcium 
chloride was used because sodium-chloride brine 
exhibits a solid phase with Soltrol and IPA. 

If alcohol is added in increments to the immiscible 
mixture of water and oil represented by Point A, 
the path followed by the successively equilibrated 
samples will be on the Line ABC and pass from the 
immiscible region to the miscible region by crossing 
the binodal curve at B. Consider the intersection D 
of this path with the tie Line EF. The quantity of 
oleic phase is proportional to the Segment ED and 
the quantity of the aqueous phase is proportional 
to DF. Compositions of the two phases are specified 
by Points E and F. It is clear that in the case 
shown the oleic phase is diminishing and entirely 
disappears when miscibility is achieved. Such will 


*In all equilibrium diagrams, the binodal curve compositions 
are read at the outside edge of the curve. The co-ordinates 
represent volume per cent in all cases, 


BRINE A SOLTROL 


FIG. 1 — EQUILIBRIUM PHASE DIAGRAM, IPA-SOL- 
TROL-2 PER CENT CaCl, BRINE. 
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be the case for any path lying entirely to the left 
of the line joining the Point C to the plait point. 

Fig. 2 is a similar diagram for tertiary butyl 
alcohol (TBA). In this case the plait point is to the 
left of the binodal peak and the same Path AC will 
result in disappearance of the aqueous phase when 
miscibility is achieved. Again, so long as the actual 
path followed ina real flooding situation lies entirely 
to the right of the line passing through the plait 
point and Point C, the phase behavior will be of 
this nature. Following the Path AC, it happens 
(because of the change in slope of the tie lines) 
that first the oil phase diminishes; then, it increases 
until at miscibility the aqueous phase entirely 
disappears. 

For the oil-water distributions studied, it turns 
out that TBA leads to preferential disappearance 
of the aqueous phase whereas IPA leads to prefer- 
ential disappearance of the oleic phase. This is not 
always the case. If a higher molecular-weight oil 
such as Drakeol 6 is used with TBA and water, 
the plait point shifts to the right of the binodal peak. 

Fig. 3 is a diagram for the system IPA-Drakeol 
6-calcium chloride brine. In this case the binodal 
peak is much higher than it is for Soltrol, but the 
location of the plait point is nearly the same. The 
shift of the binodal curve toward the 100 per cent 
co-ordinate lines is characteristic of increase in 
molecular weight. It will be shown later that this 
is of practical importance and imposes a severe 
limitation on the usefulness of the alcohol process. 

[t is now obvious that an essential first step in 
any investigation of alcohol flooding is to determine 
the phase diagram complete with tie lines and plait 
point for the exact system in question. 


DESCRIPTION OF THE PROCESS 


Consider a core saturated with water and oil. If 
the oil saturation is sufficiently above residual, 
flooding with alcohol will initially produce 100 per 


TBA 


jas \ 
A ALTA 


cent oil. If the oil saturation is at or below residual 
(i.e., discontinuous), initial production will be 100 
per cent.water. In any event, the initial pure fluid 
production is followed by a stabilized bank of 
constant water-oil ratio. If the alcohol used has 
its plait point on the right side (i.e., toward 100 
per cent oil) of the binodal peak, the stabilized 
bank is followed by a decrease in oil saturation 
concomitant with alcohol breakthrough.* This de- 
crease in saturation renders the oil residual (and, 
hence, discontinuous), makes it vulnerable to solu- 
tion in the advancing alcohol and complete miscibil- 
ity is ultimately achieved. If the alcohol used has 
its plait point on the left side of the binodal peak, 
the stabilized bank is followed by a continual 
increase in oil saturation until complete miscibility 
is attained. In the latter case, the oil phase remains 
continuous throughout and residual oil is not en- 
countered. In all the foregoing circumstances, all 
of the oil and water are removed from the core when 
sufficient alcohol has been injected. For this reason 
it has been thought that the idea of a ‘‘piston-like’’ 
displacement adequately describes the process. 
However, it turns out that use of alcohols with 
basic differences in their equilibrium-phase char- 
acteristics leads (with the same oil) to substantially 
different flowing water-oil ratios in the stabilized 
bank. This makes it obvious that the piston-like 
displacement assumption cannot account for all the 
data. It follows that the nature of the alcohol and 
oil must be taken into consideration. 

When residual oil is achieved in the transition 
zone, oil ganglia are deposited at a constant rate. 
Thus, an oil-enriched aqueous phase flows past 
these ganglia and gradually extracts them to mis- 
cibility. An element of fluid which just achieved 


*Henceforth, the two-phase region between the rear of the 
stabilized bank (first appearance of alcohol) and the miscible 
front will be referred to as the ‘‘transition zone’’. Each phase 
in the transition zone will, in general, contain all components. 
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BRINE A SOLTROL 


FIG. 2 — EQUILIBRIUM PHASE DIAGRAM, TBA-SOL- 
TROL-2 PER CENT CaCl, BRINE. 
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FIG. 3 — EQUILIBRIUM PHASE DIAGRAM, IPA- 
DRAKEOL 6—2 PER CENT CaCl, BRINE. 
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miscibility tends to undergo a subsequent decrease 
in water and oil concentrations and increase in 
alcohol concentration asa result of miscible mixing. 
However, this element of fluid must sweep over 
Stationary ganglia (containing alcohol and some 
water) and possibly some genuine irreducible water, 
which tends to increase the water and oil concen- 
trations. Inspection of the phase diagram shows 
that such an increase can only be very minute, or 
else it will result in re-deposition of residual oil. 
The net effect is that the total percentages of oil, 
water and alcohol remain at an almost constant value 
over a very long interval extending from the tran- 
sition-zone well into the miscible region. In view 
of the foregoing, the production history does not 
give a direct account of the condition within the 
core. Thus, the early part of the production of com- 
pletely miscible fluid was still part of the transition 
zone when inside the core; i.e., it was sweeping 
over residual oil ganglia when produced. This part 
of the produced miscible region can be distinguished 
from the remainder by the flatness of the concentration 
distributions in oil, water and alcohol. 

Since the residual oil mechanism dominates the 
process at the expense of miscible mixing, one can 
no longer expect to interpret this kind of alcohol 
flooding in terms of simple miscible displacement 
at an adverse mobility ratio. 

The distance which a given length of alcohol 
slug will move before losing miscibility is strongly 
affected by this mechanism. It means that the spread- 
ing alcohol-water front rapidly encounters the long 


smeared-out tail of the alcohol-oil-water distribution, 
resulting in early phase breakdown. 


ALCOHOL FLOODING EXPERIMENTS 
EQUIPMENT AND MATERIALS 


The apparatus consisted of a collection of long 
consolidated cores molded in plastic, two constant- 
rate positive-displacement pumps with variable- 
speed transmissions, a multi-range pressure recorder 
and an automatic fraction collector and timer. In- 
jection pressures were continuously recorded and 
effluent fractions were collected at equal time 
intervals. 

Porous media used consisted of various lengths 
of Berea and Torpedo cores, as described in Table 1. 

F luids used were distilled water, calcuim-chloride 
brine, Soltrol, Drakeol 6, isopropanol and tertiary 
butanol. Their properties and sources are given in 
Table 2. All liquids were de-aerated before use. 


SATURATION OF THE CORES 


Initial saturation of the cores was performed by 
evacuating and admitting de-aerated oil or water to 
the core until full. For all cores, saturations at any 
stage were determined by material balance based on 
volumes of fluids in and out. In the case of Berea-A, 
these figures were checked by total weight differ- 
ences. High oil saturations (i.e., irreducible water 
to an oil flood) were achieved by flowing 3 to 5 
pore volumes (PV) of oil through the water-saturated 
core until water production ceased. Residual oil 


TABLE 1 — SANDSTONE PROPERTIES 


Cross Pore 
Section Volume Porosity ko 
No. Core Name cm atte (cm?) cm in. (ml) (%) (md) (md) (md) — Soufce 
] Berea-A 83.0 Deis 5.99 2.58 x 1.02 x 100 20.1 130 153 123 Ohio 
915 

2 Torpedo 173 5.68 18.23 4.82 1.90 675 21.4 394 378 338 Wyo. 

3 Berea B-1 67.3 2.21 20.27 5.08 2.00 2785 20.3** 610 515 Ohio 
4 Berea B-2 70.3 2.31 20.27 5.08 2.00 2053 5% Ohio 
5 Berea B-3 90.2 2.96 20.27 5.08 2.00 C73 20.3** Ohio 
6 Berea B-123 228 7.47 20.27 5.08 2.00 938 20.3 550 625 Ohio 
7 Berea B-23 161 5.27 20.27 5.08 2.00 663** AV er 700 595 Ohio 
8 Berea B-13 158 20.27 5.08 2.00 20.3** Ohio 

* Berea-A had an approximately square cross section, 
** Calculated from No. 6. 
TABLE 2 — PROPERTIES OF TEST LIQUIDS 
Density, Viscosity, Refractive 
Purity Index 

No. Liquid (per cent) (gm/ml) (cp) (79°F) Source 

J Distilled Water Pure -9970 -8937 1.3327 —— 

2 2% CaClz Brine Pure 1.0195 1,081 1.3367 —— 

3 lsopropanol 98-99 - 7883 2.073 1.3747 Enjay Co., N. Y. 

ti 99 7878 4.440 1.3843 Eastman Organic Chem., 
Rochester 3, N. Y. 
1.405 1.4210 Phillips Pet. Co., 
Bartlesville, Okla. 
6 Drakeol 6* - +8355 13.37 1.4593 Pennsylvania Ref. Co., 


*Highly refined, narrow cut of paraffin hydrocarbons. 
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saturations were obtained by water flooding the 
core at this stage. On completion of all alcohol 
flooding experiments, cores were thoroughly flushed 
with alcohol to remove all of the oil and water. The 
alcohol was miscibly displaced with water and the 
sequence repeated to achieve the desired saturation. 
The special high and low oil saturations used for 
the runs with Berea-A were obtained by air flooding 
until the desired low water (or oil) saturation was 
achieved as determined by the core weight. The 
core was then evacuated, and de-aerated water (or 
oil) was injected into the core until the weight be- 
came consistent. Saturations of all the cores for 
the various runs are listed in Table 3. 


INJECTION AND COLLECTION OF FLUIDS 


Experiments T-7 and T-14 were carried out at 
rates corresponding to a calculated linear velocity 
of 1.25 ft/day. All other runs were performed at 
rates of 19 ft/day. 

In view of the importance to data interpretation 
of the total pressure drop across the core, care was 
exercised to ensure that termination of injection of 
one fluid and initiation of injection of a different 
fluid were accomplished at the same inlet pressure. 
The flow rate was then adjusted to the desired value. 

Produced fluids were collected in 10-ml centrifuge 
tubes, using an automatic fraction collector. 


As one would expect, it frequently happened 
that a suspension of oleic phase in aqueous phase 
was produced during efflux of the transition zone. 
It also occasionally happened that three or four 
layers appeared in a single fraction of the transition 
zone. In all such cases, the samples were thoroughly 
shaken and then centrifuged to produce two clear, 
stable phases prior to making final readings and 
analyses. 


ANALYTICAL METHODS 


A complete analysis of the produced fluids was 
performed for most of the flow experiments. The 
technique involved is well described elsewhere.5>7 


RESULTS 


The production history of a continuous alcohol 
flood can be naturally divided into four principal 
parts.© Pure oil or water production is followed by 
the stabilized bank, the transition zone and, finally, 
the miscible region. These zones are labelled in 
Fig. 4. 

One of the noteworthy features of alcohol flooding 
consolidated sandstone cores is the constancy and 
reproducibility of the flowing water-oil ratio in the 
stabilized bank. The data are far better than result 
from unconsolidated sands of about the same length,” 
and perhaps even superior to data obtained from 
unconsolidated sands over 10 times as long.® 


TABLE 3 — ALCOHOL FLOODING EXPERIMENTS ON CONSOLIDATED SANDSTONES 


Fract. 


Oil Recovery (ml) Vol. 

of Oil through Oleic Inj. 

Initial in of Phase End of to 

Saturation Stab, Stab, Alcohol after Two- Slug 

(ser cont) Bank Bank  Break- Oil in Oil in Alcohol Oil in Phase Slug Break- 

Run ———__ Rate fo V through Pure Oleic Aqueous Break- Miscible Flow Size down 
No. Core So Sw (ft/day) System* (%) (ml) (ml) Oil Phase Phase through Region (ml) (ml) (ml) 
T-1 Torpedo 58.0 42.0 19 ISB 30 Rams e2 443 244 22.2 22.5 24.6 103 720 oo = 
T-7 Torpedo 57.2 42.8 1.25 ISB 30 150 508 241 11.6 14.0 12.3 122 611 oo = 
T-5S Torpedo 36.8 63.2 19 ISB 29 eat 2 446 96.0 18.2 19.6 20.3 116 670 oo = 
T-6 Torpedo 58.0 42.0 19 ISB 29156 449 233 LSS 2:5 11.2 - 541 190 453 
T-4 Torpedo 56.8 43.2 19 ISB 30 154 436 228 0.7 0.7 139 405 
T-2 Torpedo 57.8 42.2 19 ISB 29— 156 423 197 1.4 = 1.4 - - 96 267 
T-3 Torpedo 56.2 43.8 19 ISB = 151 389 161 0.7 - 0.7 - 482 47 150 
T-5 Torpedo 57.0 43.0 19 SB - 136 - - 0 
T-14 Torpedo 65.0) 35.0) IDB 19-165 435 209 42.8 129 45.1 58 2600 oo = 
T-10 Torpedo S7s0)042,5 19 TSB 43 195 478 311 48.6 ] 189 26.8 796 oo = 
T-13 Torpedo 57,0) 43.0) 19 TSB 44 203 446 274 Vi. 0.8 11.5 - 668 96 324 
T-11 Torpedo 57.0) 43.0. 19 TSB - 200 434 219 1.3 0 Ls: - 504 47.0 200 
B-4 Berea 28.0 72.0 19 ISW 34 55.3 57.9 21 9 29 4.1 19.0 99 oo = 
B-2 Berea 33.0 67.0 19 ISW 34 22.4 61.7 4.5 6.1 975 N12 
B-1 Berea 5720) 43.0019 ISW 34 33.3 53.9 34.8 6.7 3.3 7.0 oo = 
B-3 Berea 80.0 20.0 19 - 63.8 63.8 59.4 7.3 7.6 10.1 91.1 09 
B-3B Berea 57.6 42.4 19 ISW 34 28.9 44.7 220) eo 1.6 6.4 28.3 93.1 co = 
B-4B Berea 55.0 45.0 19 ISW a 30.6 45.3 30:5 7 6.) 2.7 6.3 15.7 - 42 69 
B-2B Berea 58.0. 42.0 19 ISW 27.7 53.3 0.1 Ses 21.2 90.3 28 60 
B-1B Berea 55.0 45.0 19 ISW = 27.0 60.6 16.2 0 0 0 - 68 14 39 
2A Berea-B1 ISB 32 48.5 183 46.8 13.4 5.8 14.5 39.6 287 - 
3A  Berea-B23 37.1 62.9 19 ISB 468 126 18.9 18.8 83.3 667 © = 
1A Berea-B123 37.8 62.2 19 ISB 36 209 638 157 469 135 50.5 137.6 839 

* 1 = Isopropyl alcohol, T = tertiary butyl alcohol, S = Soltrol, D = Drakeol-6, B = 2 per cent CaCl, brine, W = distilled water. 
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Results will be presented in two parts. The first 
part includes information derived from continuous al- 
cohol injection and bears directly on the process 
mechanism. The second part treats alcohol slugs, 
these being more pertinent to process application. 
Reference will be made to Table 3 and Figs. 4 
through 15. 


CONTINUOUS ALCOHOL INJECTION 
Initial Oil Saturation 


Figs. 4 and 5 show production histories for 
continuous alcohol floods on the 6-ft Torpedo 
sandstone core at high initial oil saturation (S, = 
58 per cent) and residual oil saturation (S, = 36 
per cent). The curves shown represent total water, 
oil and alcohol concentrations, and /,, is the fraction 
of water or aqueous phase in the two-phase effluent. 
In both cases, the average fractional flow of oil in 
the stabilized bank is close to 30 per cent. Runs 
B-1 and B-2 show a similar result on a 2-ft Berea 
core, wherein initial oil saturations of 57 and 33 
per cent both gave average stabilized-bank fractional 
oil flows of about 34 per cent. Evidently, the flowing 
water-oil ratio during production of the stabilized 
bank is independent of initial saturation. The initial 
oil saturation was artificially reduced (see ‘‘Satu- 


ation of Cores’’) to 28 per cent for Run B-4 to see 
if the stabilized-bank characteristics remained 
independent of initial saturation even well below 
a normal waterflooding residual. Unfortunately, the 
core was not sufficiently long to form a good bank, 
but the producing fractional flow of oil did achieve 
34 per cent at one point. 

It was found that the oil remaining behind in 
alcohol solution was about the same for Runs B-1, 
B-2 and B-3 on the short Berea core, i.e., 15.5, 
14.1 and 13.3 per cent PV. This means that for a 
given system a fairly constant quantity of oil is 
lost to the alcohol phase. Oil recoveries obtained 
on the short Berea core are plotted as a function 
of initial saturation in Fig. 6. The curve drawn 
through these points corresponds to the theoretical 
recovery calculated on the basis of a constant oil 
saturation of 14.3 per cent being lost to the alcohol 
phase and, thus, represents maximum possible oil 
recovery using continuous alcohol injection. When 
the oil saturation is reduced below residual initially, 
the quantity of oil in alcohol solution is greatly 
increased (19 per cent PV for Run B-4) since it is 
more difficult for the oil phase to achieve continuity 
before being dissolved in the alcohol. The point 
which does not fall on the curve indicates this 
change. Presumably, a longer core would show less 
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FIG. 4 — PRODUCTION HISTORY FOR CONTINUOUS IPA INJECTION. 
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FIG. 5 — PRODUCTION HISTORY FOR CONTINUOUS IPA INJECTION; EFFECT OF INITIAL OIL SATURATION. 
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FIG. 6 — MAXIMUM POSSIBLE RECOVERY UNDER CON- 
TINUOUS IPA INJECTION. 


of an effect. The other curves in Fig. 6 show similar 
results for the Torpedo core. 


Rate 


Run T-7 and Fig. 7 illustrate a reduction in 
rate to 1.25 ft/day. In comparison to Run T-1 and 
Fig. 4, breakthrough of the stabilized bank is 
earlier and commences at a higher fractional flow 
of water. The change in breakthrough time is a 
result of the high initial /,, value which in turn 
results from the greater time required to stabilize 
at the lower rate. Pure oil recovery is the same 
(62.1 per cent) at both rates, the higher initial /,,, 
being compensated by a later alcohol breakthrough 
in the low-rate case. Total usable oil recovery is 
a little higher at the high rate in view of a larger 
oil-phase volume in the transition zone. The fact 
that a low rate yields a short transition zone with 
a high oil concentration is simply a result of the 
increased contact time between residual oil and 
aqueous-phase extract. 

Another view of occurrences in the transition 
zone as influenced by rate is given by the observation 
that the point at which the system passes into the 
miscible region shifts toward the plait point. It has 


been speculated that a sufficiently small rate would 
permit the system to achieve miscibility exactly 
at the plait point.7 


Molecular Weight and Viscosity 


Drakeol 6 is a white oil having a viscosity (25°C) 
of 13.37 cp. It was used with IPA to assess the 
effect of a heavy oil on the critical parameters. The 
production history appears in Fig. 8 and corresponds 
to Run T-14. The fractional flow of oil in the stabi- 
lized bank has changed from 30 to about 20 per cent. 
This shift to a higher water-oil ratio inthe stabilized 
bank (i.e., 2.33 to 4) is just the reverse of the trend 
previously reported for an unconsolidated sand.® 
The transition zone has stretched from .17 to 3.22 
PY. Reference to the phase diagram of Fig. 3 shows 
why this happens. The binodal curve is so close 
to the alcohol-oil axis that, from the plait point all 
the way to the binodal peak, only a very minute 
concentration of water is required to maintain sepa- 
rate phases wherever the system attempts to pass 
into the miscible region. Because of this, the system 
does not move into the miscible region until the 
binodal peak has almost been reached. The long 
path of the transition zone along the inside of the 
binodal curve further emphasizes the importance of 
the residual oil mechanism in dominating the process. 
With this heavy oil, the nature of the phase diagram 
tends to maintain the initially higher (than Soltrol) 
residual oil saturation for a long time. The transition 
zone teeters on the verge of miscibility, but cannot 
achieve it until better than 3 PV have swept through. 

It is noteworthy that the recovery of oil is most 
seriously affected by the increase in viscosity and 
molecular weight. Not only has pure oil recovery 
been reduced from 62.1 to 47.7 per cent, recovery in 
the transition zone has been spread over a time 
interval 18.8 times that of Soltrol. If this run had 
been made at residual oil, the maximum possible 
oil recovery using continuous alcohol injection 
would probably have been only about 20 per cent of 
the oil in place. The implication is strong that, 
without a buffer between a heavy oil and an alcohol 
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FIG. 7 — PRODUCTION HISTORY FOR CONTINUOUS IPA INJECTION; EFFECT OF RATE. 
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FIG. 8 - PRODUCTION HISTORY FOR CONTINUOUS IPA INJECTION; EFFECT OF VISCOSITY AND MOLECULAR 
WEIGHT. 


slug, results can be dismal indeed. 


Distance Travelled 


Three Berea cores (Berea-B) were fastened 
together to form three different path lengths for 
experiments using continuous IPA injection to dis- 
place residual Soltrol (see Runs 1-A, 2-A and 3-A). 
There were definite variations in the properties of 
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FIG. 9 —- GROWTH OF STABILIZED BANK AND TRAN- 
SITION ZONE. 


these cores, so that perfect correlations with distance 
could not be expected. 

The principal result is that the oil recovery 
(all oil in oleic phase) expressed as per cent of 
oil initially in place was found to be independent 
of distance travelled, i.e., 56.1 and 57.3 per cent. 
Since the volumetric oil recovery is proportional 
to distance travelled, the oil remaining behind is 
also proportional to the distance travelled. The 
adverse consequences of this have been established 
and it can now be seen that no improvement can 
be expected with increased distances traversed. 
Apparently, the rate of extraction of residual oil 
ganglia is always less than the rate at which they 
are deposited. This seems reasonable in view of 
the diffusional nature of the extraction process. 

The length of the transition zone is graphed in 
Fig. 9 along with the length of the stabilized bank. 
Linearity of these graphs is what one should expect 
in view of the previous discussion. 


Plait Point 


So far, all results have pertained to systems 
which pass through residual oil in the transition 
zone. Fig. 10 (Run T-10) gives the production 
history forthe system TBA-Soltrol-2 per cent calcium 
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FIG. 10 — PRODUCTION HISTORY FOR CONTINUOUS TBA INJECTION; EFFECT OF PLAIT POINT. 
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chloride brine which does not pass through residual 
oil (see ‘tEquilibrium Phase Behavior’’). In contrast 
with Fig. 4, it can be seen that the end of the 
stabilized bank is followed by a continual increase 
in oil saturation through the transition zone to the 
point of complete miscibility. The fractional flow 
of oil inthe stabilized bank is substantially different 
from what it is in the case of IPA, having shifted 
from 30 to about 43 per cent. In this case, both 
phases undergo miscible displacement and the 
process more nearly conforms to the idea of piston- 
like behavior. In view of the change in stabilized- 
bank fractional flow, it follows that alcohol floods 
that pass through residual oil are not piston-like. 
We will return to this point later. 

Another significant difference is exhibited by the 
concentration distributions after miscibility is 
achieved. It can be seen that the water and oil con- 
centrations decrease and the alcohol concentration 
increases more nearly as one would expect to see 
in consequence of miscible mixing. 

It is interesting to note that the change in slope 
of tie lines (Fig. 2) is reflected in the production 
history (Fig. 10) by a temporary increase in / 
just after alcohol breakthrough. 


OIL SATURATION IN THE CORE 


Three 4-in. segments were cut from the production 
end of the long Torpedo core, carefully faced, pro- 
vided with O-ring grooves and fastened back in 
place. A standard alcohol flood on a high oil satura- 
tion was then initiated. As soon as the produced 
stabilized bank reached fy = 70 per cent, the core 
segments were simultaneously detached from the 
remainder of the core without stopping alcohol in- 
jection. 

Each of the three core segments then was equipped 
with end flanges, and all oil and water removed 
using alcohol floods. Two cores were flooded with 
IPA and one with TBA. Produced fluids were ana- 
lyzed for water, oil and alcohol content using mass 
spectrography. Pore volumes of the core segments 
were then determined. Results are shown in Table 
4, 

Thus, when IPA displaced Soltrol fromthe Torpedo 
core at a stabilized-bank fractional flow of oil of 
30 per cent, the oil saturation in the core in the 
stabilized bank was in the vicinity of 45 per cent. 
Errors in the analysis tend to give low values of 


ALCOHOL SLUGS 


Experimental determination of the distance an 
alcohol slug moves before deteriorating into two 


TABLE 4 — OIL SATURATIONS FOR 
THREE CORE SEGMENTS 


So 

Core Location (Per Cent PV) 
(IPA) At Producing End . +» 444 
(TBA) Toward Injection End . . 45.7 
(IPA) Between the Above Cores .. . 45.1 
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phases is not easy. If the slug successfully traverses 
the core, one can only say the distance to breakdown 
is greater than the core length. If it breaks down 
just prior to emerging, then one is not certain of 
the data because part of the mixing at the front of 
the slug is absent in view of alcohol breakthrough 
having already taken place. Any attempt to patch 
together two experiments corresponding to separate 
studies of mixing at the front and mixing at the 
rear is quite difficult in view of the flatness of 
the concentration distributions peculiar to the 
residual oil mechanism. This can be seen more 
specifically by reference to Fig. 4 where the alcohol 
concentration is still very low at more than 1.6PV. 
Thus, in this case it is not possible to decide where 
the advancing alcohol-water front would encounter 
a sufficiently low alcohol concentration to cause 
breakdown. 

In the following, these problems were avoided 
by allowing the slug to break down well inside the 
core. The location of breakdown (i.e., pore volume 
injected when breakdown occurred) was determined 
by one or more of the several means described. 


Determination of Slug Breakdown 


Total pressure drop across the core gives one 
indication of slug breakdown. Fig. 11 shows this 
by comparison with the pressure history for con- 
tinuous alcohol injection. The two curves decline 
at about the same rate after the onset of two-phase 
production. When slug breakdown occurs, residual 
oil is generated within the core and tends to increase 
the pressure drop in view of the decreased effective 
permeability to the aqueous phase. The net effect 
is a marked decrease inthe rate of pressure decline. 
Location of the breakdown point was facilitated by 
use of a semilog plot of the pressure decline. 

Another indication of breakdown is given by the 
production history. The produced fluids in Fig. 11 
have just reached the stabilized-bank fractional 
flow when breakdown occurs. At slug breakdown, 
the change in boundary condition at the rear of the 
transition zone causes an instantaneous and rapid 
rise in the fractional flow of water. The small addi- 
tional quantity of oil that is produced after slug 
breakdown represents the excess of the oil satura- 
tion over residual in the stabilized bank. 

A third limit on the location of slug breakdown 
is imposed by the alcohol flood that always follows 
a slug experiment. When the alcohol-water front 
reaches the region where residual oil commences, 
the pressure drop increases in view of the onset of 
two-phase flow (creation of a stabilized bank) where 
previously there was single-phase flow. 


Distance Travelled 

The length of core traversed at slug breakdown 
is graphed as a function of slug size in Fig. 12. 
Corresponding data appear in Table 3 for Runs T-2 
to T-6 and B-1 to B-4. In this figure, slug size and 
distance are merely the corresponding fluid volumes 
divided by Ad. From Fig. 12, it can be seen that 
the slug requirement is increasing more rapidly than 
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FIG. 11 — EFFECT OF SLUG BREAKDOWN ON PRESSURE AND PRODUCTION HISTORIES, IPA-SOLTROL. 


the distance travelled. This is in sharp contrast to 
the square-root dependence usually observed under 
conditions of favorable mixing.13 Such an adverse 
result is a consequence of viscous fingering at the 
rear of the slug superimposed on the linear deposi- 
tion of residual oil (see ‘‘Description of the Proc- 
ess’’ and ‘*Continuous Alcohol Injection — Distance 
Travelled’’). 

Two points are given for the TBA-Soltrol system. 
For any given slug size, these data show that TBA 
will travel a greater distance than IPA before slug 
breakdown. The reason for this is indicated by the 
more rapid decline of the water and oil concentrations 
after miscibility is achieved in the produced fluids. 
(See ‘Continuous Alcohol Injection Plait Point’’ 
and Fig. 10.) Nevertheless, the trend shown by these 
data indicates that the dependence on distance with 
the TBA process is no more favorable than with 
IPA. If the TBA-Soltrol system is controlled by 
miscible mixing at an adverse mobility ratio, then 
there is hope for improvement via dissipation of 
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viscous fingering when sufficiently great distances 
have been traversed.14 However, insufficient work 
has been done on continuous injection of TBA to 
be certain of this analogy. 


Oil Recovery 


Oil recovered by the various-sized alcohol slugs 
is shown in Fig. 13. Data can be found in Runs T-1 
to T-6, Table 3. The point at zero slug size corre- 
sponds to a water flood, and the highest points 
were obtained by making the oil recoveries from 
continuous alcohol injection correspond to the slug 
sizes obtained by double logarithmic extrapolation 
of the data in Fig. 12 to the total core length. 
Notice that the oil recovered using TBA slugs is 
much greater than that derived from corresponding 
IPA slugs. This would be expected in view of the 
more favorable displacement mechanism realized 


by TBA. 
THEORY. 


In view of the experimental evidence, it is 
necessary to treat two cases. These are distinguished 
by the manner in which the oleic phase behaves 
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FIG. 13 — OIL RECOVERED BY ALCOHOL SLUGS. 


203 


| 
TBA- SOLTROL 
1PA- SOLTROL 
so 
50 
40 
30 
20 


as miscibility is approached. 


PLAIT POINT LEFT OF BINODAL PEAK 


The simplest approximation to this case has 
been treated in detail by Gatlin and Slobod using 
an analogy to combustion.® A more general approach 
was made earlier by Gardner and Warren,8 who 
included the capillary pressure gradient and found 
the same result to hold. It turns out that the oil 
saturation in the stabilized bank is related to the 
mobility ratio by 


Therefore, for any solution S, = S,,, the bank sat- 
uration equals the fractional flow and the relative 
phase velocity is unity. Further, the fraction of 
a pore volume produced at breakthrough of the 
stabilized bank is given by 


in the case of a high initial oil saturation (irreducible 
water to an oil flood), and 


in the case of residual oil. 


In the Appendix, it is pointed out that equivalent 
forms of Eqs. 2 and 3 are, respectively, 


and 


We accept these results so long as they are 
applied to systems with the plait point to the left 
of the binodal peak. In the application that has 
been made of them,® this was not the case. 


Application of this model requires a choice of 
relative permeability data. The Penn State method 
is preferred as obviously representative of phen- 
omena occurring in the stabilized bank. It has been 
shown (see ‘Results — Initial Oil Saturation’’ ) 
that the stabilized-bank fractional flow (and, hence, 
the oil saturation in the bank) is independent of 
initial oil saturation. Since formation of the bank 
is an imbibition or drainage process according to 
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whether the core was initially at irreducible water 
or residual oil, respectively, it follows that the 
correct relative permeability curve must be hyster- 
esis-free, i.e., the imbibition curve. 

Fig. 14 shows relative permeability data from a 
Torpedo sandstone core similar to that used in the 
alcohol experiments. Its absolute permeability was 
higher than the average for the long core (500 vs 
350 md), but the residual oil was almost the same 
(37 vs 36.8 per cent). These data are graphed again 
in Fig. 15 for Soltrol, and the curve (1 — S,)/S, is 
superimposed. In the case of TBA-Soltrol, the inter- 
section with the imbibition curve should give the 
flowing water-oil ratio in the stabilized bank. From 
the graph it can be seen that this value is 1.42, as 
compared with an average of 1.38 from experiment. 
Note that, if the drainage curve had been used 
instead, the result would have been 2.10, which is 
completely out of the question. 

From Eq. 4, breakthrough is obtained at 0.276 
PV, whereas from Fig. 10 it can be seen that break- 
through actually occurred (using the half-height) 
at about 195 ml, or 0.289 PV. If the earliest exper- 
imental breakthrough is used, agreement is exact. 

Thus, it is established that behavior of the 
system TBA-Soltrol-brine is close to piston-like 
and the correct relative permeability curve is the 
Penn State imbibition curve. We generalize on this 
result in view of the discussion of ‘‘Equilibrium 
Phase Behavior’’ and claim that all ternary systems 
with plait points to the left of the binodal peak will 
behave in this fashion. 


PLAIT POINT RIGHT OF BINODAL PEAK 


The essential feature of this case is the boundary 
condition required at the rear of the stabilized bank; 
i,e., residual oil at a saturation S,,* is being left 
behind at a constant rate and dissolved inthe aqueous 
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phase. It is interesting to observe that this makes 
the analogy to combustion12 more precise because 
there too an oil residual remains behind, except 
that it is consumed by oxidation instead of solution. 

Under assumptions otherwise the same as used 
in deriving Eqs. 1 through 5, it is shown in the 
Appendix that the oil saturation in the stabilized 
bank is related to the mobility ratio by 


Sore ky Io 


For this relation, the solution S, = S,, will no 
longer equal the fractional flow in the bank and 
there will be a definite flow of one phase relative 
to the other. In fact, the relative velocity is given 
by = Sor") and the fractional 
velocity is different from unity and the fractional 
flow is different from S,, whenever S,,* > 0. 

Further, it is shown that, when the oil saturation 
is initially residual, the fraction of a pore volume 
produced at breakthrough of the stabilized bank 
is given by 


S AS 
= ob 
Sop 


When the core is initially at irreducible water, then 
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Again, it can be shown that equivalent forms of 
Eqs. 7 and 8 are given, respectively, by Eqs. 4 
and 5. 

Fig. 16 shows the imbibition k,,/k , curves for 
Soltrol and Drakeol 6, together with graphs of the 
the function (1-S,) / (S,-S,,*) as a parameter. 

To illustrate the method, consider Run T-1 for 
IPA-Soltrol-Brine, initially at a high oil saturation 
of 58 per cent; i.e., S,,;= 42 per cent. From experi- 
ment, 4,/Go = 2.33 and intersects the Soltrol curve 


at an oil saturation of S,, = 40.4 per cent. Using 
these figures and Eq. 6, the average residual oil 
saturation S_* can be calculated and equals 14.8 
per cent. The graphical interpretation of this cal- 
culation is also given in the figure. From Eq. 8, 
the corresponding theoretical breakthrough is 0.252 
PV vs an experimental value of 0.250. 

It can be seen that the oil saturation in the bank 
of 40.4 per cent does not equal the fractional flow 
of oil which is 30 per cent. Further, the relative 
water-oil velocity is not unity; rather, it is 1.54. 

In contrast to the piston-like case, one does not 
achieve prediction of both S,, and q,,/q,, in view 
of the additional parameter S_*. This situation is 
no worse than it is in combustion, where one cannot 
yet predict on purely theoretical grounds the fraction 
of oil which is burned. Nevertheless, it seemed 
desirable to obtain a completely independent check 
of the theory, and this was done by actually measur- 
ing Sop,(see ‘Results — Oil Saturation in the Core’’), 
The result was 40.4 per cent calculated vs 45.1 
experimental. We regard this as substantial evidence 
of the validity of the residual oil mechanism. For 
Run T-55 with the core initially at residual oil, 
V calculated Eq. 5 is 0.12 and experimental is 
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0.166. Agreement here is not good, but the reason 
is that the oil saturation in the bank is so close 
to residual that the numerator of Eq. 5 is very 
sensitive. Further, f/f, in the stabilized bank is 
not as constant as one would like for rigorous 
application of the derived formula for V. 

Run T-7, corresponding to a high initial saturation 
but a rate of only 1.25 ft/day, gives the comparison 
0.222 experimental vs 0.240 theoretical. Again 
agreement is not very good, although better than 
before. In this case, it appears that the slow-rate 
process does not stabilize so rapidly as does the 
fast-rate process, and this is reflected in the strong 
variation of /,, with V in the early production of 
the stabilized bank (see Fig. 7). Eq. 4 can be 
corrected for this by observing that changes in /,, 
do not affect S,,, much in view of the steepness of 
the q,,/q, curve (Fig. 16). Therefore, considering 
fw as a function of V, a correction of ff, (V)dV 
evaluated over the region enclosed by the actual 
production curve and the line f/f, = 0.7 can be intro- 
duced. When this is done, the calculated breakthrough 
time becomes 0.225, which is very close to the 
experimental value of 0.222. 

The experiment with Drakeol 6 (Run T-14) was 
designed to test the viscosity dependence of Eq. 
4, Unfortunately, it was not possible to use the 
high rate because of pressure limitations on the 
core. Therefore, the low rate was used and one 
would then expect V to be in excess of the exper- 
imental value just as it was for Soltrol at the slow 
rate. This is exactly what happened, and the com- 
parison using Eq. 4 is 0.266 theoretical vs 0.240 
experimental. Again, a correction for deviation 
from /,, = constant will improve the agreement. 
Thus, the result is consistent and all trends are 
in the right direction, but a quantitative check on 
the viscosity dependence was not achieved because 
of the rate effect. From Fig. 16 it can be seen that, 
for Drakeol 6, S,, = 43.7 per cent and S,,* = 29.5 
per cent, Thus, increasing the viscosity and molec- 
ular weight has increased the oil saturation in the 
stabilized bank from 40.4 to 43.7 per cent, but 
the flowing water-oil ratio has changed from 2.33 
to about 4, Further, S,,* has increased from 14.8 
to 29.5 per cent. Note also the great difference 
between the saturation in the core (43.7 per cent) 
and the fractional flow (20 per cent). 

Thus, it is established that behavior of the 
system IPA-Soltrol-brine is not piston-like but, 
rather, conforms to a residual oil mechanism where- 
in the stabilized-bank saturations are determined 
using the Penn State imbibition relative permea- 
bility curve. Further, IPA Drakeol 6-brine is similar 
in character. Again, we generalize on these results 
and claim that all ternary systems with plait points 
to the right of the binodal peak will behave in this 
fashion. 


CONCLUSIONS 


Over the ranges of the variables studied, linear 
alcohol floods can be expected to conform to the 
following conclusions. 
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Two different kinds of alcohol displacements 
exist. In one of these, the oleic phase dominates 
as miscibility is approached and, therefore, remains 
continuous throughout the flood. Systems of this 
kind are characterized by a plait point lying to the 
left (toward 100 per cent brine) of the binodal peak. 
An example of this system ts TBA-Soltrol-brine. In 
the other of these, the aqueous phase dominates as 
miscibility is approached; therefore, the oleic 
phase passes through a residual state before misci- 
bility is achieved. Systems of this kind are char- 
acterized by a plait point lying to the right (toward 
100 per cent oil) of the binodal peak. Examples 
of this system are IPA-Soltrol-brine and IPA-Drakeol 
6-brine. 


PLAIT POINT TO THE LEFT 


1. The flowing water-oil ratio and the volume 
produced to breakthrough of the stabilized bank 
can be determined using the Penn State imbibition 
relative permeability curve, together with the bound- 
ary condition imposed by piston-like displace- 
ment. 

2. In otherwise equivalent systems, a TBA 
slug will travel a greater distance and recover 
more oil before breaking down than an IPA slug of 
the same size. However, for the distances studied, 
the curve relating slug size to distance travelled 
has about the same slope for both alcohols. 


PLAIT POINT TO THE RIGHT 


1. The flowing water-oil ratio, the breakthrough 
volume and the oil saturation in the core can be 
related using the Penn State imbibition relative 
permeability curve, together with the boundary 
condition corresponding to the continual deposition 
of a constant saturation S,,* of residual oil. 

2. The fractional flow of oil in the stabilized 
bank is independent of initial oil saturation. The 
quantity of oil permanently lost to the aqueous 
phase is independent of initial oil saturation and 
is a constant fraction of the pore volume swept 
by the alcohol front. Volumetric oil recovery for 
continuous alcohol injection is proportional to the 
pore volume swept by the alcohol front. Thus, 
maximum possible oil recovery can be measured. 

3. Increasing the rate of advance causes more 
rapid stabilization, lengthens the transition zone, 
decreases the oil concentration in the transition 
zone and does not affect pure oil recovery. Decreas- 
ing the rate shifts the place where miscibility is 
achieved toward the plait point. 

4, Increasing the oil molecular weight and 
viscosity makes the binodal curve less favorable, 
stretches out the transition zone and, thus, reduces 
pure oil recovery. For ordinary consolidated sand- 
stones, increasing the viscosity decreases the 
fractional flow of oil in the stabilized bank. 

5. Slug size varies as the distance travelled 
to breakdown to a power of at least unity and, there- 
fore, is very unfavorable. 
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FINAL REMARKS 
APPLIED ASPECTS 


Most of the work herein has involved IPA since 
it is the least expensive, reasonably pure, readily 
available alcohol having a favorable phase diagram 
with light oils. It now appears that, if there is any 
hope for the alcohol slug process, it lies with 
systems having plait points to the left of the binodal 
peak. These systems can be obtained in practice 
by inserting an appropriate intermediate slug between 
the reservoir fluids and the alcohol. The economic 
success of such a system of slugs will rest on 
whether viscous fingering does, or can be caused 
to, disappear within reasonable distances. 


COMPARISON WITH EARLIER WORK 


The question arises as to how it can be that 
Gatlin and Slobod6 obtained agreement between 
their experimental work with IPA and a theory which 
appears to be inadequate. The reasons lie in the 
nature of unconsolidated sand packs of the kind used. 
For such systems, both residual oil and irreducible 
water to an oil flood are very low, thus tending to 
obscure the features that distinguish piston-like 
displacement from the residual oil mechanism. In 
the 20-40 mesh sand used by Gatlin and Slobod, 
So,* would be so small that its effect on the flowing 
water-oil ratio could not be detected. This results 
in apparent agreement with piston-like displacement. 

A somewhat more difficult point is raised by 
their result that increasing viscosity decreases the 
flowing water-oil ratio in the stabilized bank, 
whereas in the foregoing the reverse was found to 
be true. At least part of the reason for the apparent 
discrepancy lies in the fact that the relation between 
drainage and imbibition relative permeabilities is 
quite different for unconsolidated sands than it is 
for consolidated media. 


IRREDUCIBLE WATER 


One may well ask about the role played by 
irreducible water under alcohol displacements. If 
the lead of Caudle and Dyes!° is followed, it would 
be necessary to delete this quantity from the satura- 
tion available for brine flow in the stabilized bank. 
The analogy is between the miscible displacement 
of water by alcohol during an alcohol flood and the 
displacement of water by water during gas-water 
injection subsequent to a miscible-slug process. 

However, in the case of TBA, the deletion of 
any water saturation greater than about 1 to 2 per cent 
gives an incorrect /,, using the imbibition curve. 
It is a remarkable coincidence that, if a capillary 
pressure value of irreducible water is introduced 
and the drainage curve is used, then the correct 
value of /,, is obtained. However, the breakthrough 
time is off by a large factor. Therefore, we conclude 
that, at least for a TBA-Soltrol flood on the Torpedo 
core and presumably any alcohol flood where the 
aqueous phase disappears at miscibility, it is in- 
correct to delete more than a few per cent in water 
saturation. 
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One may still ask if irreducible water should 
be deleted for an IPA flood. Here the situation is 
not so clear-cut since /,, and V are unaffected. 
Deletion of a fixed water saturation, in this case, 
merely changes S,,* in a compensating way. How- 
ever, such a procedure results in a value of S,,* 
for the Drakeol 6 flood that is in excess of the total 
oil left behind according to experiment. 

Some clarification of the precise role of irreducible 
water saturation under a miscible displacement 
seems desirable. 


NOMENCLATURE 


A = area of core cross-section, sq ft 
L = length of core, ft 
S = phase saturation, dimensionless 


V =pore volumes injected to breakthrough of stabi- 
lized bank, dimensionless 


f = fractional flow, dimensionless 

k =relative permeability, dimensionless 

q = flow rate, cu ft/hr 

t =time to breakthrough of stabilized bank, hours 
v =phase velocity or frontal velocity, ft/hr 

= viscosity, cp 


= porosity, dimensionless 


SUBSCRIPTS AND SUPERSCRIPTS 


b = stabilized bank 
= irreducible 
o = oil 
r = residual 
w = water 
* 


transition zone 
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APPENDIX 


Core saturations will be idealized according to 
the scheme of Fig. 17. Initially, the core is either 
atyS. (solid line) or Swi (dashed line). The front 
of the stabilized bank is advancing at a rate v and 
the rear at a different rate v*. An ‘‘average’’ or 
“effective’’ residual oil saturation S,,* is being 
left behind and dissolved in the miscible region. 
The total flux is q/Ad. All frontal velocities and 
phase velocities are assumed constant, the fluids 
are incompressible and the capillary pressure 
gradient is neglected. 


WATER-OIL RATIO AND BANK SATURATION 


In the stabilized bank, 


+ Yop 


= 

> 
ace 


* 
Therefore, 


* 


* 
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FIG. 17—IDEALIZED SATURATION SCHEME. 


and 
Gob Sop Sor 
In the transition zone, 
q 
where 
and 
= 


as oil here is residual and effectively immobile. 
Therefore, 


ok 


* 
since the only flowing phase in the transition zone 
is the aqueous phase and its velocity v,* equals 
the frontal velocity v*. 

Thus, 


From Eqs. 1 and 2, we have 


Iwb = ob = 
k 


Gob 


Since this is a relation to be solved for S, = Sy, 
we drop the subscript 6 and write 


° or 


Note that the initial core saturation does not enter 
the calculation, so the result must be the same for 
both S,, and S,,;. Further, the fractional flow of 
oil /,, is related to the oil saturation in the bank 
1 


= = (A-4) 
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* 
Ap 
w 
where 


and the relative phase velocity is given by 


(A-5) 


All of these results (Eqs. A-3, A-4 and A-5) reduce 
to the piston-like formulas when S,,* = 0. 


BREAKTHROUGH 


This calculation depends on the initial core 
saturation, and commences with the core at irre- 
ducible water to an oil flood. Thus, in Fig. 17, the 
dashed line and S,,; are used. 


Since initial production is virtually 100 per cent 
oil, the rate at which water enters the stabilized 
bank from the front is v A ¢ S,,,, Since v,* = v*, 
no water leaves the rear of the stabilized bank. 
Therefore, the entering water must equal the accu- 
mulation in the bank, which is(v - v*) A ¢ S,). 
Thus, 


or 
wb S wi 


However, v = L/t and v* =(qg/A $)/(1- S,,*) from 
Eq. A-2. Therefore, 


1 


* 


rt 


Since g t/L A ¢ equals the pore volumes of alcohol 
injected to breakthrough V, we have 


If this result is combined with Eq. A-3, an equivalent 
expression for V results; namely, 


(A-7) 


When the core is initially at residual oil, Fig. 
17 is interpreted using the solid line and S,,. 

Since residual oil will not flow under a water 
flood, initial production is all water. The rate at 
which oil enters the stabilized bank, therefore, is 
v A ¢ So,, and the rate at which oil is leaving the 
rear of the stabilized bank is v* A $ S,,*. Accumu- 
lation in the bank amounts to (v — v*) A ¢ Sy and, 
therefore, 


* 


Proceeding as before, we have 


(A-8) 


Sop 


If this result is combined with Eq. A-3, then 


Note that, when S,,* = 0, Eqs. A-6 through A-9 
reduce to the piston-like formulas. 

How well Eqs. A-7 and A-9 agree with experiment 
will depend on how rapidly the system stabilizes, 
since it is implicit that the stabilized bank begins 
to form at S,, and residual dil is left behind at 


Sor the instant alcohol injection commences. 


DISCUSSION 


CARL GATLIN 
MEMBER AIME 


The authors are to be complimented for their 
thorough and painstaking study of isopropyl and 
tertiary butyl-alcohol displacements in consolidated 
porous media. This work has cast further light on 
the mixing or extraction phenomena occurring in the 
transition zone when oil and water are displaced by 
alcohol. Since these results disagree in some re- 
spects with our previous work,>,® it is my desire 
to examine these differences in some detail and to 
offer alternate explanations or possibilities for 
consideration. 


SEPTEMBER, 1961 


THE U. OF TEXAS 
AUSTIN, TEX. 


Two principal differences in the experimental 
systems exist. The Gulf Research group used con- 
solidated cores, while our work utilized an uncon- 
solidated sand pack (50-200 mesh). This led, of 
course, to wide differences of residual oil, ours 
being much ‘lower. The second difference was in 
the core lengths, 2.2 to 7.5 ft for the Gulf work vs 
100 ft in our study. We could not use tertiary butyl 
alcohol because of its high freezing point and were, 
hence, unaware of the favorable location of its plait 
point in the Soltrol-water system. We did, however, 
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recognize the unfavorable extraction preferences of 
IPA for water, and it was this line of reasoning 
which led us to the combination-slug experiments 
reported in our paper. 


The main disagreement between the Gulf analysis 
and our results lies in whether one uses the simpli- 
fied piston displacement scheme (Eqs. 2 and 3° or 
the ‘‘leaky’’ piston scheme described in the Appen- 
dix of the authors’ paper. These lead to considerably 
different stabilized-bank saturations and flowing 
ratios, as is pointed out. The Gulf group attributes 
the agreement between our experimental results 
(IPA) and the piston ‘‘theory’’ with the inherently 
low value of S*, in unconsolidated packs. They are, 
however, unable to explain with complete satisfac- 
tion our data showing that increasing oil viscosity 
decreased water-oil ratio in the stabilized bank, a 
result completely opposite to theirs. 


I suggest that at least two alternate possibilities 
exist. The cores used in the Gulf work were shorter 
than the transition zone in all IPA runs. To me this 
prohibits anything other than a simple extraction 
process from occurring. To prove definitely that 
the piston concept is invalid will, in my opinion, 
require experimental data on systems appreciably 
longer than the transition zones. In our one run using 
the viscous oil, the mixing zone had an apparent 
length of about 40 ft, based on effluent history. 

A second possibility which now concerns me is 
that our system behaved as though it were oil-wet. 


As reported in the original work,> repeated contacts 
with IPA seemed to cause a steady increase in 
residual oil saturation. This, plus other evidence, 
indicated that our system became increasingly oil- 
wet with time. 

In view of the Gulf results, I wonder if the system 
wettability (or more specifically the relative loca- 
tions of water and oil within the pores) plays a role 
in the extraction efficiency and transition - zone 
behavior which may be as important as plait point 
location. This assumption is actually made by the 
authors; otherwise, the TBA system would ‘‘leak’’ 
a residual water saturation S*¥,, into the miscible 
region. It seems possible that this could explain 
some aspects of the disagreement. 

The postulation that plait point location, i.e., 
left or right side, completely alters the gross dis- 
placement mechanism is not completely clear to me. 
It seems that this approach could lead to the con- 
clusion that only systems having the plait point in 
the center (horizontal tie lines) could be treated in 
the piston manner. I realize, of course, that the 
stated distinction is the presumed continuity of the 
aqueous phase as opposed to the discontinuous 
ganglia of residual oil. I would appreciate some 
further clarification of this point. 

I wonder if the authors have any additional data 
on longer systems which they might wish to report. 
I am also curious to know if they have experimented 
at all with combination slugs in their consolidated 
cores. 


AUTHORS’ REPLY TO CARL GATLIN 


We are pleased to receive Gatlin’s pertinent 
comments and will attempt to answer all of them 
in the order presented. 


OIL VISCOSITY 


There are two effects of increasing oil viscosity. 
One is to shift the q,,/q, vs S, curves to the right; 
the other is to render the phase behavior more 
unfavorable (via concomitant increase in molecular 
weight) by enlarging the immiscible region. 

If the viscosity could be increased without chang- 
ing the phase behavior, the effect would always be 
to reduce the water-oil ratio, independent of consol- 
idation considerations. This is illustrated in Fig. 
16 by noting for any fixed value of S,,* (including 
Sop * = 0) the intersections of the (1-S,,)/(Sg-Sor *) 
curves with the two q,,/q, curves corresponding 
to different viscosities. The identical result holds 
when the relative permeability curves are measured 
on unconsolidated sands. 

If the phase behavior could be made more unfavor- 
able without changing the viscosity, the effect 
would always be to increase the water-oil ratio, 
independent of consolidation considerations. The 
reason for this is that an enlarged immiscible region 
implies an increased value for S,,*. The effect 


can be seen in Fig. 16 by noting, for increasing 
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values of S,,*, the intersections of the (1-S,)/ 
(Sg-So,*) curves with a single q,,/q curve (vis- 
cosity fixed). 

Thus, for a given core, whether increase in 
viscosity results in a decrease or increase in 
water-oil ratio simply depends on which of these 
two effects dominates. In our particular consolidated 
systems, the phase behavior dominated. In the 
unconsolidated system of Gatlin and Slobod, with 
its inherently low values of S,,*, viscous effects 
dominated. Both results are correct and both are 
described by the ‘‘leaky piston’’ scheme. 

It should be noted that the drainage relative 
permeability curve used by Gatlin and Slobod is 
very close to being correct, even though one is 
dealing with an imbibition process. The reason 
for this is that the high rates used permit viscous 
forces to completely dominate the low capillary 
forces which obtain in their unconsolidated sand.1 
Thus, the invading water channels through the oil 
phase acting like a nonwetting phase. If the rates 
could be sufficiently reduced it would be found 
necessary to use an imbibition relative permeability 
curve lying above (in the sense of Fig. 14) the 
drainage curve.” Thus, one can expect the water- 


lReferences given at end of paper. 
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oil ratio in the stabilized bank of an alcohol flood 
of an unconsolidated sand to depend on rate at 
very low rates, whereas this should not be the case 
with consolidated cores. However, as remarked in 
the following section entitled ‘Plait Point’’, a 
tate dependence at low rates may be introduced 
via equilbrium considerations even ina consolidated 
system. 


CORE LENGTH 


Since writing the subject paper, we have conducted 
IPA and TBA alcohol floods on consolidated Berea 
cores 2-, 6-, 12-, 18-, 25- and 50-ft long.* We have 
been unable to find any reason for changing any of 
our conclusions as a result of these experiments. 
For the IPA runs, the produced oil percentage 
varied from 33 to 35 per cent. For the TBA runs 
it ranged from 44 to 48 per cent. As before, these 
values obtained independent of initial saturation. 
A difference of 9 to 15 per cent was consistently 
found. 

In all experiments, except that employing a 
highly viscous oil, the transition zone was much 
shorter than the core. For the Torpedo core, the 
transition zones were about one-third the core 
length. This can be seen in Figs. 4, 5, 7 and 10 
as well as in Table 3. In the longer Berea cores 
just mentioned, the comparison of lengths was 
even more favorable. 


WETTABILITY 


If a core were completely oil-wet and prepared 
in such a way that there could be no question that 
oil constituted the wetting phase and water the 
nonwetting phase, then everything should be exactly 
reversed. A TBA flood should leak residual water 
ganglia which could be labelled S,,,*, whereas 
an IPA flood should be close to piston-like. Clearly, 
then, both plait-point location and wettability must 
be taken into account when predicting system be- 
havior. 

All of the subject paper refers to systems which 
are water-wet. If wettability changes, there is a 
corresponding change in relative permeability; 
hence, the water-oil ratio from the stabilized bank 
should change. We have never observed this nor 
have we observed any significant change in residual 
oil saturation under numerous floods spanning more 
than a year. However, we do not allow oil to remain 
in contact with a core for extended periods of time. 
Idle cores are always alcohol or brine saturated. 


PLAIT POINT 


We return now to the completely water-wet case. 
Since a TBA flood causes the aqueous phase to 
preferentially diminish as miscibility is approached 
(Fig. 12) whereas an IPA flood causes the oleic 
phase to diminish (Fig. 4) and since these floods 
proceed with different water-oil ratios in the stabi- 
lized banks, one must conclude that plait-point 


*These cores were not from the same batch as those reported 
in the paper. 
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location does indeed alter the gross displacement 
mechanism. 

Let the plait point lie to the left of the binodal 
peak. It was stated that the displacement was 
close to piston-like. The words ‘‘close to’’ were 
used advisedly since there is room for a few per 
cent of water (S,,;*) to remain behind. S,,;* then 
becomes a measure of piston-like behavior. The 
question of importance is whether the displacement 
becomes more nearly piston-like (smaller S,,;*) as 
the intersection of the composition path and the 
phase boundary approaches the plait point.We have 
established that a decrease in rate causes this 
intersection to move toward the plait point. This 
means that phase equilibrium is not established 
within the core except, possibly, at exceedingly 
low rates. If the rate is low, but still feasible 
according to field flooding standards, then there 
is the distinct possibility that in a given core there 
still exists water-filled channels sufficiently 
minute that alcohol does not diffuse into them in the 
time allowed by the advancing front. If so, these 
channels can be cut off by an interface and diffusion 
rendered even more ineffective. This ‘‘cut-off’’ 
water saturation represents our concept of S,,,*. 
Its magnitude should depend on the sandstone, 
fluid system, rate (at very low rates) and should 
always be substantially less than the laboratory- 
determined connate-water saturation. 

A special TBA experiment was conducted to 
accurately determine S,,;* on an 18-ft Berea sand- 
stone. Precautions were taken to reduce S,,; to a 
sufficiently low value prior to alcohol flooding 
that effectively no water was produced with the 
initial oil bank, thus establishing a very accurate 
value for stabilized bank breakthrough. The result 
was S,,;* = 5.2 per cent under a flooding rate of 
12 ft/day. (Equations used to determine S,,;* and 
So,* appear in the next section.) 

In summary, plait-point location does affect the 
the gross flooding characteristics and true piston- 
like displacement is difficult to achieve in view 
of its apparent dependence on the existence of 
phase equilibrium. 


CALCULATIONS OF S,,* AND S,,;* 


In the absence of relative permeability data, these 
quantities can be determined by observing that the 
unknown bank saturations can be eliminated from 
the appropriate pairs of equations either given in 
the subject paper or similar to them. Thus from 
Eqs. 6 and 7 it follows that (plait point right) 


q 
|v-(I-S,-)} ..... (9) 


and from Eqs. 6 and 8 
q Swi 

y= = — 
= I-V-Sy, (\+ ) = 
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Similarly, when water is left behind at a saturation 
(plait point left), 


Swb ~ Swi 
or 
Sob 
and 
Swh-Sw 
q Sob 
yield 
* 
[v-c-s,,)] 
and 
Sui =1-V- Sor = 1-V 
(15) 
212 


Using these equations, it was found that 14.5 per 
cent < S,,* <.17.8 per cent for the first seven IPA 
Torpedo runs in Table 3. For the 25-ft Berea core 
with IPA it was found that 10.5 per cent < 5,,* < 
14.0 per cent. With regard to three TBA-Torpedo 
runs, 4.6 per cent < S,,;* < 8.8 per cent; and for 
TBA-25 ft Berea it was determined that 0 < S,,,;* < 
5.2 per cent. 


COMBINATION SLUGS 


We have at this writing carried out numerous ex- 
periments using combination slugs of various kinds. 
These experiments have brought to light new facets 
of miscible displacement which we hope to discuss 
at another time. However, for water-wet systems we 
find that the behavior in all cases studied conforms 
to what would be predicted on the basis of plait- 
point considerations. 
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J. P. HELLER 


The purpose of this discussion is to comment 
briefly on one of the points raised in the paper. The 
topic is that referred to in the Conclusion 2, in 
which the authors note a ‘‘disproportionate increase 
in mixing rate’’ as they proceed from a displace- 
ment performed at viscosity ratio 0.998 to one at 
1.002. The recovery curve of this displacement, 
Fig.2A, shows a quite noticeable difference between 
the two runs in which displaced and displacing 
liquids were interchanged. This difference is as- 
cribed by the authors to the change in viscosity 
ratio between the two experiments. 

This interpretation of the experimental results 
must certainly be based on rather precise measure- 
ments of the fluid viscosities or, at least, of the 
ratio of their viscosities. The ordinary Ostwald 
viscometer, employed in the usual way, is only 
just able to distinguish between liquids whose 
viscosities differ by two or three parts per thousand. 
The experimental refinements which then must have 
been necessary to measure with any precision a 
viscosity ratio of 1.002 would be worthy of mention. 
Indeed, one would have expected the authors to 
devote at least a paragraph to the display of this 
technique. For the same reason — to emphasize 
that the details of such unusually critical exper- 
imental work should be reported and discussed in 
the literature — I would have liked to see some 
comment by the authors on the requirements for tem- 
perature control during both the viscosity measure- 
ments and the displacement experiments. The tem- 
perature coefficient of viscosity of Soltrol C at 
room temperature has been measured inthis laboratory 
at about — 1.9%/1°C. How much did the coefficients 
for the fluid mixtures used in the experiment differ 
from this and from each other? Even if the two 
fluids were identical in this respect, it would appear 


that a temperature difference of .1°C between them 
in the flow system would produce a viscosity con- 
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trast equal to that imposed by their composition. 


Reference to the experimental solutions of these 
problems would render Conclusion 2 more credible. 
Published theoretical work on the stability problem 
contains no indication of such extreme sensitivity 
to the viscosity ratio in the immediate neighborhood 
of unity. On the contrary, perturbation calculations 
such as those made by Chuokel and Perrine 2 lead 
to initial finger growth rates proportional to the first 
power of the viscosity difference. The later insta- 
bility growth calculated by Scheidegger,3 using the 
assumption of zero pressure gradient perpendicular 
to the average flow, is also simply proportional to 
the viscosity difference. 

The conflict regarding the sensitivity of the 
dependence of instability growth or mixing rate on 
the viscosity contrast needs explicit recognition 
in the literature. In particular, it would seem that 
the experimental work reported here should be 
supported by a more detailed description of the 
viscosity controls. Further discussion of possible 
alternative interpretations of the data would also 
be in order. For instance, is it possible that the 
unconsolidated bead pack used changed its charac- 
teristics between the runs (due, perhaps, to the 
handling and inverting involved inthe injection of the 
front)? Or, are the data points of Fig. 2A averages 
from several runs performed in a series in which 
the two liquids alternated as displaced and dis- 
placing fluids? 

To summarize, it seems to me that the relation- 
ship asserted by Conclusion 2 in the paper needs 
the support of more detailed experimental evidence. 
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AUTHORS’ REPLY TO J. P. HELLER 


We (like Heller) at first were somewhat surprised 
at the ‘“‘disproportionate increase in mixing rate’’ 
found at a viscosity ratio only slightly greater than 
1.00. We had tried to prepare two mixtures having 
essentially the same viscosity and felt that the 
slight differences would have little effect. Upon 
observing the displacements, however, we found 
that the fluids were acting alternately as favorable- 
and unfavorable-ratio displacements. Repeat runs 
in the same bead pack (labelled 113-1 in our original 
text) duplicated the results. We also made runs in 
another bead pack (107-1) with the same results. 

We then more carefully checked the viscosities 
of the oils. The values of 1.296 and 1.299 reported 
were the result of averaging several readings. There 
was, of course, a slight variation from one reading 
to the next, but the results consistently showed 
the clear oil to have a slightly lower viscosity than 
the red oil. We recognize that the reported value of 
this viscosity ratio (0.998 or 1.002) may not be 
exact, but this is not the important point. The point 
is that only a slightly unfavorable viscosity ratio 
will cause the theoretical error-function equation 
to be incorrect. This effect was mentioned by von 
Rosenburg,! but no data were presented. It can also 
be seen in the data of Koch and Slobod? in their 
Fig. 4, although no mention of it was made in their 
text. Fluid viscosities of 0.899 and 0.895 cp were 
used by Koch and Slobod. 

We were asked to comment on our ‘‘experimental 
refinements’’. Our Ostwald viscometer readings are 
regularly reproducible within 0.2 to 0.3 seconds in 
a total time range of 400 to 500 seconds. This good 
reproducibility is due to the viscometer being in a 
water bath at 77°F (25°C) — the same temperature 
as the room. Thus, there is little tendency for the 
fluids to change temperature due to heat loss or 
gain. The viscometer may not be calibrated to this 
degree of accuracy; but one must remember that, in 
determining a viscosity ratio near unity, it is not 


the accuracy of the instrument that is important 
but, rather, the precision of the instrument — that 
is, its reproducibility. 

An abrupt change of about 0.2°F in one fluid 
would cause the viscosity ratio to change from 
1.002 to 1.000, as suggested by Helier; but what is 
there to cause such a discontinuity of temperature 
within the medium? Any changes in temperature 
would occur throughout the bead pack; thus, the 
variable to consider is the difference in the viscosity 
indices. 

The viscosity indices of the two oils are quite 
close, being -0.91 per cent/°F for the red oil and 
-0.95 per cent/°F for the white oil. It requires a 
temperature change of 5°F to change the viscosity 
ratio from 1.002 to 1.000. The air temperature in 
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our laboratory, measured using a thermistor, shows 
about a 1/4°F oscillation with an over-all drift of 
about 1/2°F during a normal working day. We would 
expect the flow-system temperature to vary much 
less than this, but even a 1/2°F variation is con- 
siderably less than the required 5°F. Experimental 
evidence is the best indication of whether an un- 
wanted viscosity-ratio inversion took place due to 
temperature effects. If such had occurred, the data 
would have shown it. 

Now, what of the theoretical work mentioned by 
Heller? These theories all deal only with the be- 
ginning of an unstable displacement. They would 
not be expected to give a correct answer on growth 
rate after an appreciable growth of the perturba- 
tions. Rigorous theoretical treatment of an unstable 
displacement is well-nigh impossible. This was 
clearly expressed by Scheidegger? who, in refer- 
ring to his own work as well as that of Chuoke 
and Perrine, stated the following. ‘‘The problem 
of fingering is an extremely involved one, owing 
to the complexity of the phenomenon. To treat it 
theoretically, drastic simplifications have to be 
made.’’ So, it is not surprising that these theories 
are not quantitative with regard to viscosity. 

We should also mention the theories for a viscos- 
ity ratio less than unity — the stable case. As we 
said in our text, all of these theories correctly pre- 
dict the error-function form of the favorable dis- 
placement. However, experimental evidence shows 
that the dispersion rate is a function of the viscosity 
ratio, even for this stable case. This viscosity 
ratio dependence is not correctly predicted by the 
error-function theories. 

However, we have been by-passing the most im- 
portant point. One set of theories is for the unstable 
case (viscosity ratio > 1.000), and the other set is 
for the stable case (viscosity ratio < 1.000). Our 
data compare these cases at slightly above and 
below 1.000. No theory makes this comparison, nor 
can one be expected to because at 1.000 there is 
an abrupt change in the basic displacement mecha- 
nism. This very change is the cause of the ‘‘dis- 
proportionate increase’’ when ranging in viscosity 
ratio from below 1.000 to above 1.000. 
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ABSTRACT 


A heat-conduction model has been developed to 
study the flow of fluids in a stratified oil reservoir 
which is being subjected to unsteady-state deple- 
tion. To simulate stratification, plates of different 
metals were joined together so that cross flow could 
occur between strata. 

A description of the model, plate construction and 
necessary instruments is included. The data indi- 
cate that stratified oil reservoirs experiencing cross 
flow may be treated as a single, homogeneous, pro- 
ducing sand having properties intermediate between 
those of the layers making up the system. A tech- 
nique for averaging core-analysis data to arrive at 
the proper average value of rock permeability and 
porosity is presented. 


INTRODUCTION 


Although oil has been produced from reservoirs 
for 100 years and reservoir injection processes have 
been undertaken for 40 years, the industry is still 
inadequately informed on the problem of reservoir 
inhomogeneities. 

Stratification is perhaps the best-known type of 
reservoir heterogeneity. Uren! discussed the possi- 
ble significance of this nonuniformity in his 1927 
paper on the theoretical aspects of water flooding. 
Since this time the problem of vertical permeability 
variations has been the subject of much discussion 
and numerous papers. 

Levorsen? simply describes the origin of layered 
beds in his Geology of Petroleum. Some beds are 
field-wide and may be traced from well to well, while 
others apparently pinch-out and become discontinu- 
ous. In addition, the physical characteristics of a 
layer may vary from place to place. For these rea- 
sons, a stratified system is not easily defined. 


In calculations involving oil reservoirs in which 
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permeabilities vary, methods presently used con- 
tain many simplifying assumptions. The reservoir 
frequently is considered as consisting of permeable 
layers, each of uniform vertical and lateral permea- 
bility and each behaving as if separated from adja- 
cent layers by thin impermeable layers. Other as- 
sumptions frequently made in reservoir calculations 
are steady-state flow conditions, unit mobility ratio, 
linear geometry, average or homogeneous porosity, 
and negligible capillary-pressure and gravity effects. 

Muskat? has developed solutions to the stratifi- 
cation problem for mobility ratios other than unity 
for both linear and exponential permeability distri- 
butions. He assumes lateral uniformity and continuity 
of all productive strata and does not consider poros- 
ity. 

This study will take into account transient effects, 
cross flow and varying porosity, as well as the 
variations in permeability, by means of a heat 
analogy. 

Muskat> has shown the similarity of the equations 
which describe the flow of fluids in a porous medium 
to the flow of heat through a solid. Landrum, et al,® 
made an analogy between the flow of fluid in an 
unsymmetrical reservoir and the conduction of heat 
in a similarly shaped metal plate. This analogy is 
summarized briefly as follows. If fluid is produced 
from an oil reservoir above the bubble point, the 
resulting pressure distribution will be identical to 
the temperature which would result in a metal or 
heat-conducting plate if heat were similarly removed. 
This means that a study of heat flow in stratified 
thermal models will behave like fluid flow in strati- 
fied oil reservoirs. For mathematical correspond- 
encies, see Ref. 6. 

The fluid mobility k/y is proportional to the thermal 
conductivity, and the porosity-times-compressibility 
product is proportional to the density times specific 
heat of the thermal plate. 


EXPERIMENTAL EQUIPMENT AND PROCEDURE 


The stratified reservoir model used in this study 
is illustrated schematically in Fig. 1. A Leeds and 
Northrup Speedomax Type G temperature recorder 
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was used in conjunction with sixteen 36- gauge 
copper-constantan thermocouples to measure and 
record temperature distribution in both uniform and 
stratified thermal models. This instrument records 
a temperature every two seconds. 

The thermocouples were spaced laterally along 
both sides of the plate in such a manner as to give 
the temperature distribution throughout the plate. 
The change in temperature with time at various 
points in a linear copper-Wood’s metal plate is shown 
in Fig. 2. The parameter X is the ratio of the dis- 
tance of a point measured from the end away from 
the source, to the length of the plate. Thus, the 
curve for X =.9 shows the change in temperature at 
a point close to the source, while that for X = 0.0 
designates temperature data taken at the exterior 
boundary of the plate. 

The linear plates were rectangular, 1-ft long, 4-in. 
wide and of varying thicknesses. The metals used 
were chosen according to their thermal properties 
so that studies could be made of the effects of large 
changes in strata permeability and porosity. 

In the construction of the copper-lead plate, a 
plaster mold was used. The copper plate was placed 
into the mold and heated. One 12- x 4-in. side was 
covered with a thin layer of 50:50 lead-tin solder. 
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FIG. 1— SKETCH OF CONSTANT-PRESSURE MODEL. 
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Molten lead then was poured onto this surface and 
allowed to cool. A good bond was achieved in this 
manner. Wood’s metal was bonded to brass and copper 
in much the same way, except that the brass and cop- 
per surfaces were prepared by use of soldering paste 
and Wood’s metal rather than solder. The aluminum- 
Wood’s metal plate was more difficult to construct be- 
cause the Wood’s metal would not adhere to the alumi- 
num. The problem was solved by drilling four 1/8-in. 
holes through the aluminum plate in a rectangular 
pattern. The molten Wood’s metal was then poured 
onto the plate, filling the holes. Upon cooling the 
plates were found to be closely bound together. One 
three-layered plate was constructed by bonding 
Wood’s metal to the copper side of a previously 
built copper-lead plate. Finally, a layer of Wood’s 
metal was added to the lead side to make a four- 
layered plate. Other three-layered plates included 
a layer of rubber sandwiched between two metals 
held together by machine screws. 

The plates were mounted with one end in contact 
with a mixture of ice and water in an ice bath, as 
shown in Fig. 1. The temperature of this end was 
maintained constant by directing a vigorous flow 
over the plate edge by means of a stirrer. This 
technique simulates reservoir depletion with a con- 
stant pressure maintained at the producing sand 
face. 

The plate was surrounded by a Lucite cylinder, 
which in turn was wrapped with aluminum foil to 
retard heat gain through radiation. A vacuum pump 
was used to reduce convection effects. 

After the recorder was activated:and all points on 
the model had attained the same temperature, a run 
was commenced by suddenly introducing ice and 
water into the bath, which corresponds to an instan- 
taneous drop in reservoir pressure at one end of a 
linear reservoir. Since the recorder registered a 
temperature every two seconds, a temperature at 
each of the 16 thermocouples was recorded once 
every 32 seconds. 

Runs were made on six plates consisting of one 
metal only (simulating uniform homogeneous reser- 
voirs), on four bimetallic plates, on one three-layered 
plate and on one four-layered plate. For the multi- 
layered system, the plates were in direct contact, 
representing a reservoir with no barriers to flow 
between strata. In addition, one plate consisting of 
layers of aluminum, rubber and steel, and two con- 
sisting of layers of brass, rubber and steel were 
investigated. These latter studies correspond to 
depletion when the permeabilities differ by about 
500:1 (see Table 1). 

The temperature-distribution data obtained from 
the runs were plotted as dimensionless groups in 
the manner of Carslaw and Jaeger.’ The equations 
presented by these authors considered heat losses 
to be nonexistent and were not applicable in this 
study. Corrections were made for heat gains through 
radiation and for resistence to heat flow caused by 
“‘skin’’ effects which would apply to that area of 
the plate in contact with the ice water.8 
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The temperature distribution at some real time 
would plot as a curve which would correspond to a 
dimensionless time. Knowing the real time and 
length of the plate, effective diffusivity was calcu- 
lated easily. From correlations involving this param- 
eter, the behavior of the flow of heat in the stratified 
system used is elucidated. By analogy, the flow of 
fluids in layered systems can then be inferred. 

To better evaluate the multilayered systems, runs 
were made on the individual metal plates. These 
data are compared to calculated diffusivities in Fig. 
3 and Table 1. With the exception of steel, the ex- 
perimental data were slightly higher than the cal- 
culated diffusivities. Since the handbook diffusivity 
data are also experimental, it is felt that the meas- 
urements made in this study are valid. 

The results taken from four bimetallic plates are 
shown in Fig. 4. All four show that the diffusivities 
decrease with time during the early production 
period. This may be explained on the assumption 
that, initially, the larger portion of the heat removed 
from the model comes from the more-conductive plate. 
The less-conductive plate is also losing heat, but 
at a lower rate. The combined heat flow would then 
indicate a higher-than-average diffusivity. As the 
temperature wave moves toward the outer boundary, 


the diffusivity decreases until a_ substantially 
steady-state condition is achieved. The diffusivity 


of a system depends on the diffusivities of its 
single-layer components, as shown by the positions 
of the copper-lead and copper-Wood’s metal lines. 
The slopes of the two lines differ but little, while 
the effective diffusivity is lowered considerably due 
to the low conductivity of Wood’s metal compared 
to that of lead. 

The thickness of the plates also causes a shift- 
ing of the curves as seen in Fig. 5. The copper-lead 
plate was converted to a three-layered system by 
bonding a layer of Wood’s metal on the lead side of 
the plate. The results show a downward shifting of 
the curve, as well as a reduction in its slope. 
Another layer of Wood’s metal, attached to the cop- 
per, further lowered and flattened the curve. This 
curve could be considered as having negligible 
slope, indicating a constant diffusivity after a fairly 
short period of time. 

Having the measured diffusivities of several 
layered systems, it was desired to find a satisfac- 
tory method for calculating the diffusivities of the 
same systems. In doing so, two methods were used, 
both of which are weighted diffusivities as follows. 


n 
Ry Py 
= (C, Pn hy 
n=1 


TABLE 1 — PHYSICAL PROPERTIES OF SOME METALS, ALLOYS AND RUBBER 


Btu/(hr)(sq ft)(° F/ft) 


Conductivity, 
Diffusivity, sq ft/hr 


Specific* Density,* 
Material Heat lb/ft 
Aluminum 0.22 168.5 VAZ 
Brass 0.094 534.4 56 
Copper 0.0921 555 224 
Lead 0.0316 687 20 
Stainless Steel 0.107 488 16 
Wood's Metal 0.0352 659.23 
Rubber 
*From Ref. 11. 
**From Refs. 9 and 10. 
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FIG. 3—COMPARISON OF CALCULATED AND EXPER- 
IMENTAL DIFFUSIVITIES FOR VARIOUS METAL 
PLATES. 
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23 0.92 1.08 

8.6 0.31 0.165 

8.9 0.334 0.389 
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FIG. 4 — EFFECTIVE THERMAL DIFFUSIVITIES OF 
BIMETALLIC PLATES. 
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De 
n=1 
where k, = conductivity of the mth layer or k/p 
from core analyses, 
bh, = thickness of the nth layer or thickness 
having permeability k from core 
analysis, 
C,, = specific heat, 
p = density, 
pC, = density-specific heat product equiva- 
lent to product of rock porosity and 
fluid compressibility, 
Nn = diffusivity of the nth layer in thermal 
or fluid-flow units, and 
7, n’ = effective diffusivity in either system. 


Based on analytical studies, Eq. 1 should be 
expected to provide a fairly good correlation of the 
experimental data. 

The values calculated for the plates used are 
shown in Table 2 and are compared to the diffusiv- 
ities obtained experimentally. The values used for 
measured diffusivities were obtained by computing 


TABLE 2 — COMPARISON OF CALCULATED AND 
EXPERIMENTAL DIFFUSIVITIES 


Effective Diffusivity @, (sq ft/hr) 


n n 
n=1 n=1 Fn Mn 
Plate = mPJn (Average) 
Aluminum- 

Wood’s Metal 1.83 2.24 
Brass-Wood's Metal 0.89 0.73 1.07 
Copper-Lead 3.54 2.88 3.51 
Copper- 

Wood’s Metal 2.98 2.20 2.97 
Copper-Lead- 

Wood’s Metal SHUZ/ 2.45 3.20 
Wood’s Metal-Copper- 

Lead-Wood’s Metal 3.11 2037, 3.08 

5.0 
Copper-0. 
4.0] Lead -0. 22" 
© Copper -0.25" 
Lead -0. 22" 
Wood's Metal-0. 10” 
~ Lead 
Wood's Metal-. 09” 
(Fe, 
ra) 
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FIG. 5 — THE CHANGE IN DIFFUSIVITY 
WITH TIME OF MULTILAYERED, LINEAR 
METAL PLATES. 
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the area under the curves, such as Fig. 5, and 
dividing by the total time elapsed. These values 
are in close agreement with diffusivities calculated 
by Eq. 1, with the exception of the brass-Wood’s 
metal plate. 

Further confirmation of the equation was obtained 
by studying a stratified model composed of 0.104 in. 
of rubber between two 1/8-in. copper plates. The 
thickness of the rubber layer was increased to 0.208, 
0.312, 0.392 and 0.56 in. for successive runs. This 
resulted in ratios of total rubber thickness to total 
copper thickness of 0.416, 0.832, 1.248, 1.568 and 
2.240, respectively. Experimentally determined val- 
ues of the rubber used in this experiment indicated 
a heat capacity of 0.6 that of copper and a diffusivity 
of about 0.002 that of copper. Comparison of the 
calculated and the effective diffusivity values of 
the stratified models are shown in Table 3. The 
effective and calculated values agree quite well. 

These results are plotted as ratios of effective 
to calculated diffusivity vs dimensionless time in 
Figs. 6 and 7. These plots then may be used for 
correcting a calculated diffusivity of some system 
to its effective diffusivity at any time within the 
range of dimensionless times studied. Experimen- 
tally, the two-layered systems showed a greater 
change in diffusivity with time than the multilayered 
plates studied, as indicated by the slopes of the 
lines. Mirror-image conditions should be kept in 
mind when building and operating the model. 


DISCUSSION 


The application of the results of Eq. 1 may best 
be illustrated by scaling the models to a hypotheti- 
cal oil reservoir operated at pressures above the 
bubble point, and computing the cumulative fluid 
influx by the Hurst-van Everdingen equation.4 


+ [P(t)) — P(t2)] Vin 


where Q = cumulatéve fluid influx, 


> 
I 


cross-sectional area perpendicular to 
the direction of flow, 

compressibility of fluid, 

= weighted porosity, 


I 


TABLE 3 — COMPARISON OF EXPERIMENTALLY 
OBTAINED DIFFUSIVITIES WITH THOSE CALCULATED 
BY PROPOSED EQUATION 


Effective Effective Diffusivity from 
Rubber-Copper Diffusivity Experimental Data 
Thickness Calculated by 

Ratio Proposed Eq. t=0.195 +=0.391 

416 3.52 3.26 3.19 3.14 

-832 2.94 2.92 3.02 2.95 

1.248 2.52 2.36 2.69 2.52 

1.568 2.27 2.24 2.24 2.30 

2.240 1.88 - 1.79 1.96 
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FIG. 7—THE CHANGE IN DIFFUSIVITY WITH TIME FOR 
MULTILAYERED PLATES. 

= initial reservoir pressure, 

pressure, 

= weighted permeability, 

= viscosity, 


= total period of time under consideration, 

and 

stime: 
Because this equation is applicable to unsteady- 
state flow in infinite linear systems, a time will be 
chosen such that the pressure wave has not yet 
reached the outer boundary of the reservoir. The 
equation must be simplified for these calculations 
due to the manner in which the data were obtained. 
The sudden application of ice water to the edge of 
the plate is analogous to a sudden pressure drop at 
the inner boundary of a linear reservoir. It was not 
possible to lower the temperature in a step-wise 
manner with the method and equipment devised. 
Instead of a step-wise solution, therefore, a single 
pressure drop over one period of time will be used. 
Then, by introducing the reservoir diffusivity 
analog 7 = k/Cydt into the equation, it reduces 

to 
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The dimensions of the model will be expanded to 
reservoir size by using a horizontal scale of 1 in.: 
1,000 ft and a vertical scale of 1 in.:100 ft. The 
cross-sectional area, numerically, then will be 
400,000 times the thickness of the model. The fluid 
was assigned a compressibility of 5.0 x 10~®© vol/ 
vol/psi and a viscosity of 0.4 cp. The rock and fluid 
properties then were related to the thermal properties 
by setting the conductivity, in Btu’s per (hour)(square 
feet)(degrees Fahrenheit per feet), equal to perme- 
ability in millidarcies and by setting the specific 
heat-density term equal to Cu.¢(10)®. The porosity 
is the only quantity which varies in the latter group 
of terms since each layer is assumed to contain the 
same fluid. 

For the purpose of this analogy, a reservoir time 
of 5,000 hours was chosen. Since no pressure change 
has been felt at the outer boundary of the reservoir 
during this time, the system may be considered in- 
finite. 

The copper plate is then analogous to a reservoir 
12,000-ft long, 4,000-ft wide and 25-ft thick, with a 
porosity of 25.5 per cent, a permeability of 229 md 
and the fluid properties previously mentioned. The 
initial reservoir pressure is considered to be well 
above the bubble point. 

The lead plate will represent a reservoir having 
the same horizontal dimensions and a pay thickness 
of 22 ft. Its porosity is 10.9 per cent and its per- 
meability 23 md. The fluid properties and initial 
reservoir pressure will be the same as those in the 
copper-plate analogy. 

To calculate the cumulative influx of fluid, a 
pressure drop of 100 psi was introduced suddenly 
at the interior boundary of each individual reservoir. 
The fluid produced from the reservoir simulated by 
copper would then be 


(2)(250(4000) (5 x 1075) (255) (100) 


5.61 


7 


= 62,600 bbl. 


Similarly, the reservoir simulated by lead had a 
cumulative fluid influx of 11,320 bbl at the end of 
5,000 hours. Assuming that the two reservoirs were 
separated by a thin impermeable layer, the total 
fluid produced would be the sum of the two, or 73,920 
bbl. 

In calculating the fluid influx for this system 
without the impermeable layer between the reser- 
voirs, an average weighted porosity was used. The 
diffusivity was calculated by Eq. 1 and converted 
to a reservoir diffusivity analog. With all the 
other factors remaining the same, the cumulative 
fluid influx was 76,400 bbl. This is an increase of 
2,480 bbl, or 3.25 per cent, over the total cumula- 
tive production of the two layers calculated individ- 
ually. This increase could be attributed to the pres- 
ence of a cross flow between the two reservoirs. 

A third layer, represented by Wood’s metal, had 
thermal properties proportional to a permeability of 
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8.9 md, a porosity of 11.5 per cent and a diffusivity 
of 0.028 sq ft/sec. Its thickness is 12 ft and the 
other dimensions, as well as its fluid properties, are 
the same as for the copper and lead layers. Using 
the same pressure differential for the same 5,000 
hours, this reservoir would produce 3,930 bbl. When 
combined with the other two reservoirs to form a 
three-layered system susceptible to cross flow, the 
cumulative production from the system would be 
84,200 bbl. In comparison, the sum of the cumulative 
production from each layer would be 77,850 bbl. 
According to these calculations then, an increase 
in production of 6,350 bbl, or 8.2 per cent, is real- 
ized when the pays are not isolated by impermeable 
layers. 

Several other hypothetical stratified systems have 
been analyzed, and all have shown a higher cumula- 
tive fluid influx for the stratified systems where 
cross flow prevailed. 


Cross flow is apparent in the thermal model by 
the absence of a marked difference between the 
temperature distributions in the various plates of a 
given system. When plotted after the manner of 
Carslaw and Jaeger,’ the data points taken all fell 
on the same dimensionless time line, regardless of 
the material from which the data were taken. 

It seems reasonable then to consider the higher 
values, obtained using a common diffusivity, to be 
values which compensate for a cross flow. 

The effects of having a material of low conduc- 
tivity between plates of relatively high conductivity 
are illustrated in Fig. 8. The diffusivity measured 
on the aluminum side of the plate is high initially, 
falls rather rapidly and then begins leveling off as 
the steady-state condition is approached. The 
stainless-steel-side data indicate little change, if 
any, during the course of the run. 

The steep slope of the aluminum curve at low 
dimensionless times is due to a changing rate of 
cross flow induced by the large initial temperature 
differential between the rubber and aluminum. The 
steel, compared to aluminum, is itself fairly low in 
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conductivity and experiences a rather small differ- 
ential across its thickness. 

From mathematical model studies of layered sys- 
tems, one finds that the rate of drainage may be 
expected to achieve a pseudo-steady state. The time 
required, rate of depletion and approach to steady 
state depends on the ratios of porosities, permea- 
bilities, layer thicknesses and lengths. 

To determine the effect of the thickness of the 
low-conductive layer on the performance of the sys- 
tem, runs were made on a brass, rubber and steel 
plate. The rubber thickness was increased from 
0.009 in. in the first set of runs to 0.106 in. in the 
second set of runs. These results are illustrated in 
Fig. 9(A and B). The data taken from the thin-layer 
system gave results similar to those obtained in 
two-layered systems but with a definite temperature 
differential across the rubber, i.e., a brass-rubber 
and a steel-rubber plate, but with the rubber acting 
as if it were higher in conductivity than it is. 
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FIG, 9 — THE EFFECT OF VARYING THE THICKNESS 
OF A LOW-CONDUCTIVE MATERIAL BETWEEN TWO 
METALS ON DIFFUSIVITY. 
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The 0.106-in. rubber layer caused a higher initial 
diffusivity difference between the plates. These 
results are similar to those obtained with the 
aluminum-rubber-steel system. 


In Fig. 10(A and B) the temperature differential 
across the thickness of the plate is plotted, in di- 
mensionless form, with time. The maximum differ- 
ence is shown at early times close to the source. 
Peaks are indicated at X values of 0.8 and 0.6, 
while none are discernible at distances farther than 
this from the source. 

The effect of the thicker rubber layer is fairly 
obvious at early times. If the system were to be 
considered as a stratified pay with a maximum 
terminal-pressure differential of 200 psi, the peak 
at 0.165 dimensionless pressure would correspond 
to a pressure differential of 33 psi across the width 
of the sand. This differential would be felt at a 
distance of 200 ft from the pressure sink if the 
system were considered to be 1,000-ft long. At the 
same point and at the same time, the differential 
would be 10 psi in the thin-layer system. This dif- 
ference is less pronounced at later times. 

Using the same analogy at later times, the dif- 
ferential across the thick tight zone would be 7- to 
12-psi while across the thin tight zone the maximum 
differential would be 11l-psi near the source and 2- 
to 6-psi elsewhere. 


CONCLUSIONS 


Experimental confirmation has been obtained of 
the utility of an average permeability, porosity and 
compressibility for layered or stratified reservoirs 
in which cross flow occurs. This proper value is 
obtained by Eq. 5 

n 
RnPn 


(Ca 


A knowledge of the proper method of weighting 
core-analysis data has considerable application. In 
its simplest application in petroleum reservoir equa- 
tions involving transient pressure where rock com- 
pressibility is neglected and the rock is filled with 
a single fluid of constant compressibility, the proper 
single value of permeability to use in a stratified 
pay is indicated to be given by the sum of the per- 
meabilities at each 1-ft interval divided by the total 
pay thickness in feet. If data are available at ir- 
regular spacing, then the proper value of k is given 
by (Zkh) = XA. The proper value of porosity to be 
used in the transient equation is equal to(X ¢h)/ 
(x4). 

Using these definitions, a layered reservoir with 
cross flow can be considered as a uniform homoge- 
neous reservoir of the same thickness and length if 
the permeability -porosity ratio is represented by 
(ik b)/X 

It should be clearly emphasized that this recom- 
mendation applies when the reservoir approaches 
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pseudo-steady state because the effective value of 
k will be larger during the early transient period. 

In their simplest application, these findings in- 
dicate that a first estimate of the proper value of 
permeability and porosity may be obtained quite 
easily by preparing a table listing the permeability 
and porosity at each 1-ft interval. Sum each column 
and divide by the total pay thickness to obtain the 
average permeability and porosity. This practice 
has been almost universal and may represent a first 
approximation. 

In reality, an oil-water interface usually exists 
and the connate water varies from foot to foot. Since 
this is true, it should be recognized that the effec- 
tive compressibilities are different at each 1-ft in- 
terval. For this case, the proper porosity- 
compressibility product is obtained from (X c ¢ h)/ 
(= h), where the compressibility c at each 1-ft in- 
terval represents the properly weighted value for 
the particular rock properties, porosity, connate 
water and oil. Although this calculation takes 
longer, it yields a better answer for the best single 
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numbers to be used to represent the effective prop- 
erties of the pay. 
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Pressure Studies in Bounded Reservoirs 
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ABSTRACT 


Analytical solutions are obtained for calculating 
the pressure distribution in rectangular fields due 
to injection and/or producing wells located any- 
where within the field. The field is assumed to be 
homogeneous with either constant pressure or no- 
flow boundaries. These solutions are extended to 
include the calculation of average reservoir pres- 
sure and permeability from pressure build-up curves. 
Numerical examples are given to illustrate the 
application of equations to practical problems. 


INTRODUCTION 


Pressure distribution analyses are of consider- 
able importance in the field of reservoir mechanics. 
A number of papers dealing with this subject have 
appeared in the petroleum literature. Perrine! in 
1956 presented a summary of the methods available 
for pressure build-up calculations and discussed 
the applicability of each in some detail. More 
recently (1958), Hazebroek, et al,2 discussed a 
theoretical method for obtaining pressure distribu- 
tion in a radial field. Also in 1958, Nisle? gave a 
theoretical solution of the pressure distribution in 
a field extending to infinity with a partially pene- 
trating line source at the origin. 

Mathews, et al,4 applied the method of images to 
existing solutions for pressure distribution in radial 
fields and obtained expressions for calculating 
pressures in bounded reservoirs. However, a litera- 
ture survey revealed that a general analytical 
solution for the pressure distribution in a rectangular 
field, with injection and/or production wells located 
anywhere within the field, was not available. Such 
a solution could be used to approximate the pres- 
sure distribution in a field the shape of which is 
nearly rectangular. Furthermore, it could be applied 
to pressure calculations pertaining to a single well 
taken from a system of wells which were drilled in 
a rectangular pattern. In this case the boundaries 
of the well drainage area are considered to be the 
perpendicular bisectors of the lines joining the 
well and its nearest neighbors. 


Original manuscript received in Society of Petroleum Engi- 
neers office April 20, 1961. Revised manuscript received July 
14, 1961. Paper presented at 36th Annual Fall Meeting of SPE, 
Oct. 811, 1961, in Dallas. 
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The basic problem considered in this paper con- 
sists of a rectangular field with either constant- 
pressure or no-flow boundaries and with either an 
injection or production well located anywhere within 
the field. The physical properties of the rock and 
fluids present are considered to be constant. Ana- 
lytical expressions are obtained for the pressure 
distribution within the field during the production 
or injection periods. These expressions, which are 
infinite series, can be used to evaluate pressure at 
any point within the field as a function of time and 
position. For fields containing more than one well 
(production and/or injection), the solutions for each 
well acting independently are superposed. That is, 
at any point in the field, the pressures due to each 
injection or production well acting alone can be 
algebraically added to give the pressure resulting 
from all wells acting simultaneously. Evaluation of 
the series solutions given in this paper is readily 
accomplished by means of an electronic digital 
computer; and, in most cases, sufficient accuracy 
is obtained by setting the upper limits of summation 
at 20. 

These solutions are extended to include the 
calculation of average reservoir pressure and per- 
meability from build-up data. A number of numerical 
examples are given to illustrate application of the 
solutions to actual field problems. 


ANALYTICAL SOLUTIONS 


The partial differential equation representing the 
pressure distribution in a homogeneous rectangular 
field (see Fig. 1), having a single source or sink 
of strength Q, can be written* 


2 2 
dx2 

where 


B 
a = 157.952 and p = 886,905 


x, Y = space co-ordinates, ft, 

(1, q) = location of source or sink, ft, 
pressure at (x, y), pSi, 

¢ = porosity, fractional, 


*This equation is the same as the two-dimensional flow 
equation with a source (see Ref, 5). 
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c = compressibility of fluids plus rock struc- 
ture, psi-}, 

pL = viscosity, cp, 

k = permeability, md, 

t = time, days, 


Bo = oil formation volume factor, reservoir bbl/ 
STB, and 
O = specific production (+) or injection (-) rate, 
STB/D-ft of thickness. 

Although Eq. 1 is for a homogeneous field with 
single-phase flow, by using ‘‘average’’ field prop- 
erties,© the solutions of this equation can be 
applied to multiphase-flow systems. 

Since Eq. 1 is a linear partial differential equa- 
tion, the principle of superposition of solutions 
applies. Consequently, if there are two or more 
production and/or injection wells, the pressures 
due to each well acting independently can be added 
algebraically to give the resultant pressure. 


CASE I — CONSTANT PRESSURE BOUNDARIES (CPB) 

The solution of Eq. 1, subject to the constant 
pressure boundary condition and an initial constant 
pressure distribution of P,, is given by the equation 
(see Appendix), 


Lom 


a b a b 


sin 


where P, = uniform initial pressure distribution, 
psi, 

= summation indices, integers, and 

= dimensions of the rectangular section, 


fts 
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The infinite series of Eq. 2 represents the pres- 
sure distribution as a function of location (x, y) and 
time (t). Note that the exponential expression within 
the brackets of Eq. 2 is the time-dependent part of 
each term. For large values of time ¢, this expression 
will go to zero and the steady-state solution will 
result. The series converges rapidly, except at the 
location of the source or sink, where it diverges to 
infinity. 

Fig. 2 depicts the pressure distribution in a 
square field with an injection well at the center 
and an initial pressure distribution P, of zero. This 
figure is obtained by evaluating Eq. 2 along lines 
of constant ordinate. Note that the pressures in- 
crease as one moves toward the injection well and 
that the rate of pressure change increases similarly. 
Note also that the pressures at the boundaries re- 
main constant at zero, in accord with the boundary 
conditions. 
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CASE II — NO-FLOW BOUNDARIES (NFB) 

The solution of Eq. 1, subject to the no-flow 
boundary condition and an initial constant pressure 
distribution of P,, is as follows (see Appendix). 


08) 
12 (m2 /a2 ) 
(08) 
nul REX + 2 
cos cos m2 (n*/b2) 
2 2 
nwq 
cos —+t+4 
2 2, (m? /a? + n?/b?) 


Except at the location of the line source (where 
it diverges to infinity), Eq. 3 can be used to evalu- 
ate the pressure for any specified location at any 
given time. The series converges at a reasonable 
rate, and good approximations to the pressure can 
be obtained by setting the upper limits of the sum- 
mation to 20. 


Inspection of Eq. 3 shows that (in accord with 
the assumed initial condition) p(x, y, t) equals P, 
when ¢ is zero. It can also be seen that the term t/a 
increases with time while all other terms get smaller 
and smaller. Consequently, no steady-state condition 
is ever reached because the pressure at any location 
must always increase with time so long as constant 
injection rate is maintained. It is interesting to 
note that in Eqs. 2 and 3 the exponential expressions 
depend on time but not on location, whereas the 
trigonometric expressions depend on location but 
Not on time. 


Fig. 3 depicts the pressure distribution in a square 
field with an injection well at the center and an 
initial pressure distribution P, of zero. Since there 
is no flow across the outer boundary, pressures in 
the field increase with time. After an initial transient 
period, a semisteady-state period is encountered 
whereby with increasing time the curves maintain 
the same shape but move upward along the pressure 
axis. Note that the slope of all curves at the bound- 
aries is zero, in accord with the no-flow boundary 
condition, 
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BUILD-UP ANALYSIS 


The solutions given in the previous section 
express the pressure distribution in the reservoir 
during the periods of production or injection. Once 
the production or injection terminates, they no longer 
express the pressure behavior of the system. To 
utilize these solutions after the termination of pro- 
duction or injection, we resort to the convolution 
integral,? and assume a period of constant produc- 
tion T prior to a shut-in period of t,. The following 
results. 


— p(t). (4) 
where Ap’ = — p.(ts), 
Ps = pressure after shut-in, psi, 
p = flowing pressure as given by Eqs. 2 and 
3, psi, 
t, = build-up time, days, and 
T = production or injection time prior to 
shut-in, days. 
If the well drainage area is square (a = 5), the 
following dimensionless quantities® may be defined. 


kAp (5) 
Ap = 0.001127 
QuB, 
2 kts 
t = 07006331, 
kT 


Furthermore, if the pressure history of a well can 
be suitably expressed by either Eq. 2 or 3, then Eq. 
4 may be evaluated in terms of these dimensionless 
quantities. Fig. 4 summarizes the results of a number 
of such evaluations for a square section with either 
an off-center or a centrally located well. The bound- 
aries of the section are either at constant pressure 


6 


FIG. 1 — RECTANGULAR FIELD. 


DECEMBER, 1961 


or have no flow. In these calculations a point 
corresponding to a wellbore radius of 3-in. was used. 
It was observed, however, that varying this radius 
from 3 to 10 in, had no significant effect on the 
evaluation of Ap. 

Fig. 4 includes the dimensionless pressure-vs- 
time plots for a production well located at / = q =4. 


It is noted that the slope of these curves and the 
curves of centrally located wells are the same. It 
is further observed that the curve of NFB case is 
higher than that of a centrally located well. This 
will result in lower pressures during the build-up 
period. This is reasonable because during the pro- 
duction period the effect of boundaries is greater 
at the well (compared to centrally located wells), 
resulting in lower flowing pressures at the time of 
shut-in. This, in turn, results in lower build-up 
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FIG. 2—PRESSURE DISTRIBUTION FOR FIELDS WITH 
CONSTANT PRESSURE BOUNDARIES. 
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FIG. 4 — DIMENSIONLESS PRESSURE BUILD-UP 
CURVES. 
pressures. The curve of CPB case of Fig. 4 is 
lower than that of a centrally located production 
well. This will result in higher build-up pressures. 
This is also reasonable since during the production 
period the constant pressure boundaries (at the 
original field pressure) are closer to the producing 
well, resulting in higher flowing pressures at the 
time of shut-in. This higher flowing pressure will 
result in higher pressures during the build-up period. 
For t < 0.02, observe that all curves of Fig. 4 
have the same constant slope; this slope is 


A(Ap) 

A(logt) 
Since in practice the actual pressure against time 
is plotted on a semilogarithmic scale, we equate 


this slope (with proper conversion factors) to that 
of Eq. 7. 


k Ap 
0.1675=0.001127 
QuB, FIELD 


(8) 
From Eq. 8 the effective permeability & is 
QuB 


With the aid of Fig. 4 and Eqs. 5, 6 and 9,* a 
number of calculations can be made utilizing the 
pressure build-up curves of practical field cases. 
A summary of possible calculations is given in 
Table 1. To illustrate the application of the method, 
a numerical example is worked out for each case, 
In all of the following examples the field is assumed 


k = 148.62 


*Comparing Eq. 9 above and Eq. 6 of Ref. 8 one notes a 
discrepancy of about 10 per cent, This is due to the effect of 
boundaries and also the fact that in the curves of the reference 
a steady-state condition is assumed prior to shut-in. This is 
equivalent to setting P(T + ts) = P(T) in Eq. 4. 
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TABLE 1 — SUMMARY OF POSSIBLE CALCULATIONS 
FOR FOUR CASES 


Case 1 Case 2 Case 3 Case 4 
GIVEN: P,,k, d, ¢ Buildeup Build-up Complete 
Ly Q, Bo, @ Curves Curves Build-up 

Curves 

Q, By d, c, 

Q, Bo 

FIND: Build-up k k, Field k, a 

Curves Pressure 


to be square with a production well at the center. 


CASE 1 

Gwen: P, = 3,500 psi, & =*1.5;md, c= 
1.5 x 10-5 psi-}, p = 0.33 cp, O = 1.0 STB/ 
D-ft, B, = 1.5 reservoir bbl1/STB and a = 
2,000 ft. Assume steady state before shut-in 
for CPB and a production time of 365 days 
for NFB. 

Find: the pressure build-up curves. 

The production time of NFB, from Eq. 6, corres- 
ponds to T = 0.88. Suppose we want to obtain build- 
up pressures at 10-2, 1071, 1, ....... days. From 
Eq. 6, t, = 1072 Ves to 


1.5 x 1072 
0.20 x 1.5 x 1075 x 0.33 x (2,000)? 


= 2 
From Fig. 4 this value corresponds to 
Ap = 0.63 CPB 
and __ 
Ap 
Using Eq. 5, Ap corresponding to the above will be 
185 psi CPB 


t = 0.006331 


> 
Il 


Ap = 415 psi NFB, 
or the actual pressures are 
3,500 — 185 = 3,315 psi CPB, 


7) 


bs = 3,500 — 415 = 3,085 psi NFB. 
The values of pressures can be obtained in a similar 
manner for the rest of the t, values. A plot of the 
build-up curve is shown on Fig. 5. 


CASE 2 
Given: = 0.33 cp, Q = 1.0 STB/D-ft, B, =1.5 
reservoir bbl/STB and the pressure build-up 
curves of Fig. 5. 
Find: the effective permeability k. 
The slope of the build-up curves of Fig. 5, taking 
the section between t = 10 and 1, is 


| Ap | 3,408 — 3,360 


From Eq. 9 we have 


1.0 x 0.33 x 1.5 
48 


k = 148.62 = 1.53 md. 


CASE 3 
Given: ¢ = 0.20, c = 1.5 x 1075 psi}, a = 2,000 ft 
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FIG. 5 — PRESSURE BUILD-UP CURVES OF THE 
FIELD PROBLEM. 
and the data of Case 2. 
Find: the effective permeability k and field pres- 
sure p. 

The value of k& is obtained by the procedure given 
in Case 2. Let us obtain the values of pressure at 
time t = 10~! days from Fig. 5. 

by = 3,360 psi CPB, 
and 

b2 = 3,137 psi NFB. 

The dimensionless time corresponding to this t = 
10~1, using the value of k calculated in Case 2, is 


0.20 x 1.5 x 107 x 0.33 x (2,000) 


From Fig. 4 this corresponds’to Ap of 0.47 for CPB 
and Ap of 0.37 for NFB. Note that these Ap values 
are the differences of Ap values corresponding to 
t = 2.42 x 10~* and the Ap value of steady- or 
semisteady-state condition on the same curve. From 
Fig. 4 the steady-state Ap for CPB is zero, while 
for NFB it ranges between 0.10 and 1.0 depending 
on the duration of production. Using these Ap val- 
ues from Eg. 5, the average stabilized field pres- 
sures are 


t = 0.006331 


1.53 x 0.001127 


= 3,496 psi CPB, 


p = 3,360 + 


and 
1.0 520.33 15 
= 3,1 
1.53 x 0.001127 
= 3,244 psi NFB. 
CASE 4 


Given: = 0.20, c = 1.5 x 10-5 psi-!, p = 0.33 cp, 
Q =1.0 STB/D-ft, B, = 1.5 reservoir bbl/ 
STB and the complete pressure build-up 
curves of Fig. 5. 

Find: the average permeability k and the dimension 
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a of the square field. 

The average permeability k is obtained as in 
Case 2. From Fig. 5, the pressure increase from 
t, = 10-1 (transient period) to t, = 4 x 102 (steady- 
State period) is found to be 

Ap = 3,496 —3,358 = 138 psi or Ap =0.485 for CPB, 
and 

Ap = 3,244 —3,126 =118 psi or Ap =0.360 for NFB. 
In Fig. 4, these values of Ap are seen to correspond 
to 


F = 2.4 x 10% for CPB, 
and 

F = 2.0 x 10~ for NFB. 
Solving Eq. 6 for a and using t, = 107!, we obtain 
a = 2,200 ft for NFB and a = 2,000 ft for CPB. The 
difference in the a values computed here is due 
principally to errors introduced when reading the 
graphs. 


SUMMARY 


Analytical solutions are obtained for calculating 
the pressure distribution in rectangular fields due 
to injection and/or production wells located any- 
where within the fields. Boundaries of the field are 
assumed to be either at constant pressure or have 
no-flow. Properties of the field and of the fluids 
present are considered to be constant. The solu- 
tions are extended to include the calculation of 
average reservoir pressure and permeability from 
pressure build-up curves. 

It is observed that, in most of the literature on 
pressure distribution analysis, the well is located 
at the center of the field. The solutions given in 
this paper are perfectly general and apply to fields 
with either off-center or centrally located wells. 
The analysis presented in this paper can also be 
used for well-interference problems. 


NOMENCLATURE 


a, b = sides of the rectangular section, ft 
Bo = oil formation volume factor, reservoir bbl/ 
STB 
c¢ = compressibility of rock and fluids present, 
psi 
CPB = constant pressure boundaries 
k = effective field permeability, md 
l, gq = location of source or sink Q, ft 
m,n = summation indices, integers 
NFB = no-flow boundaries 
Py = initial pressure throughout the field, psi 
bs; = pressure after shut-in, psi 
bp = pressure at location (x, y), psi 
Ap = pressure during build-up, psi 
Ap = dimensionless pressure, Eq. 5 
Q = specific production (+) or injection (—), STB 
/D/ft of thickness 


t = time, days 

t = dimensionless time, Eq. 6 
t, = build-up time, days 

T = duration of production or injection prior to 
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shut-in, days 


ll 


dimensionless, duration of production or in- 
jection prior to shut-in, Eq. 6 
x, y = space co-ordinates, ft 


157.952 


R 


886.905 


porosity, fraction 


viscosity, cp 


It 
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APPENDIX 
We define the symbols T’ and Q “as follows. 
t 
“a ? Q BQ. 
Using these symbols in Eq. 1 and representing the 


point source Q by the Dirac delta function (5),? we 
have 


2 2 > 


The boundary and initial conditions of Eq. 10 are 


p(x,0,T') = p(x,b,T') = 0, O«x «a; 

Po(x,y), for all x and y. 
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Multiplying both sides of Eq. 10 by 


and integrating between the limits indicated, we 
have 


a b 


op mux 


sin me dxdy + Q’ 


nw 
sin dxdy 
Applying the finite Fourier sine transform 9 


ba mux 


f 5(x-l)5(y-q) sin 


sin 


to Eq. 11 and utilizing the given boundary condi- 
tions, we have 


— + —- pu 

a 


The solution of Eq. 13 subject to the given initial 
condition can be written 


Q’sin mnl/a sin 
(m2 /a2 + n? /b2 ) 


P,(m,n,T)= 


nv 


sin | 


ba 
+ P i 
o(x,y)sin 


Q’sin mul/a sin ntg/b 
(m? /a2 + n2/b2) 

The inverse of this transformed equation can be 
obtained from the Fourier Integral theorem. This 
transformation, subject to a constant initial pressure 
distribution P,, results in Eq, 2. 

The NFB solution, given by Eq. 3, is obtained 
by using the following boundary and initial condi- 
tions: 


p(0,y,T’)=—> Osy<d; 
Ox ox 


p(x,b,T')=0, O«xsa; 


oy 
P(x,y,0)=Po (x,y), 


and the Fourier cosine transform. This procedure 
is similar to the one given above. aK 


for all x and y 
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Deflocculation of Fractionated Montmorillonite 
By Sodium Polyphosphates 


F. W. JESSEN 
MEMBER AIME 
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ABSTRACT 


The gel strength and viscosity of two different 
suspensions of fractionated montmorillonite clay 
were measured by using a Stormer viscosimeter 
and Fann V-G meter. The amount of sodium poly- 
phosphate (sodium hexametaphosphate, sodium 
tetraphosphate and sodium acid pyrophosphate) 
adsorbed by the clay particles was determined. 

A relationship seems to exist between the amount 
of polyphosphate adsorbed and the nature of the 
surface, edge or plate, assumed to be the principal 
sites for selective adsorption. Reduction in vis- 
cosity and gel strength was found to be directly 
related to the adsorption. Both chemical bonding 
and physical adsorption seem involved in defloccula- 
tion. Some indication of the axial ratios of particles 
of .1- to .04-micron average size is possible 
through study of the adsorption mechanism. 


INTRODUCTION AND PURPOSE 


A knowledge of surface areas of clay particles 
in a suspension and a precise determination of 
phosphate adsorption should provide a basis for 
a better understanding of reduction in viscosity 
and gel strength caused by molecularly dehydrated 
phosphates. 

The purpose of this investigation was to study 
the adsorption of sodium polyphosphates on sus- 
pensions of fractionated sodium montmorillonite. 

Although there is considerable uncertainty re- 
garding details of the structure of montmorillonite, 
a generally accepted one is that suggested by 
Hofmann, Endell and Wilm.! The structure shown 
in Fig. 1 is an idealized one, and Marshall? has 
postulated that it is possible for several isomorphous 
replacements to occur. Thus, aluminum may replace 
silicon, in which case an exchangeable cation 
would go along with the aluminum to neutralize 
what would otherwise be a net negative charge on 
the structure. 


Original manuscript received in Society of Petroleum 
Engineers office May 27, 1960. Revised manuscript received 
Sept. 18, 1961. 
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There is disagreement among various investigators 
as to the particle size and shape of montmorillonite 
clays. Marshall? reported the following results for 
the mean lateral dimensions of a Putnam clay 
(montmorillonite) — 3,730 A°* for particles having 
average diameters ranging from 500 to 1,000 A°, 
and 750 A° for those with an average diameter less 
than 200 A°. The latter particles were estimated at 
50A° in thickness, which would correspond to a 
stack of five unit cell layers. On the other hand, 
Shaw3 has interpreted micrographs as indicating 
that particles of montmorillonite are readily broken 
down to the individual cell layers by dispersion in 
water. Brindley4 and Mering® indicate the ultimate 
particles to be of the order of 300 A° in mean 
lateral dimension. Van Olphen® suggested the thick- 
ness of particles at four to five unit cell layers. It 
was suggested also that this number tends to become 
smaller with increasing dilution. Recently, Kahn 
and Lewis? determined the size of sodium mont- 
morillonite particles in aqueous suspension from 
electro-optical bi-refringence decay curves. The 


* Angstrom unit. 


A q 
60 
°a 
2(0H) +40 
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FIG, 1 — MONTMORILLONITE STRUCTURE SUG- 
GESTED BY HOFMANN, ENDELL AND WILM (REF. 1). 
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results were interpreted in terms of the diameter of 
an oblate spheroid, the lateral dimension of the 
smallest particle being 5,000 A°. Melrose 8 concluded 
that, although numerous electron micrographs of 
montmorillonite clay have been published, in none 
of these can any particles of definite outline be 
identified or measured. 


LABORATORY INVESTIGATION 


Viscosity measurements were obtained with the 
Stormer and Fann V-G instruments, the latter also 
serving to give the gel strength. A standard API 
filter press was used to obtain samples of filtrate 
from the suspension, which were further clarified 
by filtering through Whatman analytical-grade filter 
paper. 

A Lumerton photoelectric colorimeter (Model 400- 
A) was used in the colorimetric determination of 
phosphate. Known concentrations of sodium acid 
phosphate (NaH, PO,) representing 0.125, 0.250, 
0.625, 1.250, 2.500 and 5.000 ppm of phosphorus 
were used for calibration. In the determination of 
phosphate in each filtrate sample, three different 
readings were made. In no instance was the variation 
in individual determinations of the percentage 
transmission greater than 1 per cent in the range 
of 90 per cent transmission, while a 4 per cent vari- 
ation was found in the range of 50 per cent trans- 


TABLE 1 — 6 PER CENT SUSPENSION OF M FRACTION 
TREATED WITH SODIUM HEXAMETAPHOSPHATE 


Amount Amount Stormer Plastic 
Added Adsorbed Viscosity Viscosity Yield Point 
(Ib/bbl) (lb/bb!) (cp) (cp) (Ib/100 ft?) 
0. - 46 32 50 
0.10 0.075 20 26 20 
0.25 0.182 15 22 12 
0.50 0.325 13 20 10 
1.00 0.556 10 20 7 
2.00 0.890 10 20 6 
4.00 1.120 14 22 1 


mission. Dilution of the filtrate was controlled so 
that determinations were made with 85 to 95 per cent 
transmittance, assuring an accuracy of 1 per cent 
in the phosphorus determination. 

Two clay suspensions were prepared using frac- 
tionated portions of a Wyoming bentonite studied 
by Jessen and Mungan.9 The average particle diam- 
eter of one fraction (designated M) was 0.04 micron, 
while the other fraction (designated L) has an 
average particle size of 0.10 micron. 

Quantities equivalent to 0.10, 0.25, 0.50, 1.00, 
2.00 and 4.00 Ib/bbl (1 1b/bbl = 2.8525 gm/liter) of 
sodium hexametaphosphate were added to the clay 
suspensions. The suspensions were stirred thor- 
oughly for 30 minutes, and the Stormer viscosity, 
the plastic viscosity and the yield point were 
determined. 

The filtrate was diluted with water and sulfuric 
acid added. The sample was allowed to boil in an 
Erlenmeyer flask for at least two hours to convert 
the metaphosphate to orthophosphate. !° An aliquot 
was used in the colorimetric determination of phos- 
phate, and the amount of the meta-, tetra-, and 
pyrophosphate adsorbed by the clay particles was 
calculated by subtracting the amount in the filtrate 
from the original quantity present. 

The results are presented in Tables 1 through 6 
to show the amount of sodium hexametaphosphate, 
sodium tetraphosphate and sodium acid pyrophos- 
phate adsorbed vs the change in yield point and 
the reduction in plastic viscosity and Stormer 
viscosity. 

Tables 7 through 12 present the extent of adsorp- 
tion of sodium hexametaphosphate on the clay 
particles calculated on the basis of varying axial 
ratios (c:b:a). 


RESULTS AND DISCUSSION 


The interaction of polyphosphates with mont- 
morillonite has been studied by Van Olphen,!! whose 


TABLE 2 — 7 PER CENT SUSPENSION OF L FRACTION 
TREATED WITH SODIUM HEXAME TAPHOSPHATE 


Amount Amount Stormer Plastic 
Added Adsorbed Viscosity Viscosity Yield Point 
(Ib/bbl) (Ib/bbl) (cp) (cp) (Ib/ 100 
0. - 57.0 38 65 
0.10 0.078 34.0 28 29 
0.25 0.196 23.0 26 19 
0.50 0.320 18.0 25 12 
1.00 0.566 17.5 24 10 
2.00 0.900 14.5 22 9 
4.00 1.160 14.0 21 7 


TABLE 4 — 7 PER CENT SUSPENSION OF L FRACTION 
TREATED WITH SODIUM TETRAPHOSPHATE 


Amount Amount Stormer Plastic 

Added Adsorbed Viscosity Viscosity Yield Point 

(lb/bbl) (Ib/bbl) (cp) (cp) (Ib/100 ft2) 
0 - 57 38 65 
0.10 0.078 36 31 31 
0.25 0.182 23 28 21 
0.50 0.345 20 26 us 
1.00 0.612 15 24 10 
2.00 1.110 13 22 7 
4,00 1.780 11 20 5 


TABLE 3 — 6 PER CENT SUSPENSION OF M FRACTION 
TREATED WITH SODIUM TETRAPHOSPHATE 


TABLE 5 — 6 PER CENT SUSPENSION OF M FRACTION 
TREATED WITH SODIUM ACID PYROPHOSPHATE 


Amount Amount Stormer Plastic Amount Amount Stormer Plastic 
Added Adsorbed Viscosity Viscosity Yield Point Added Adsorbed Viscosity Viscosity Yield Point 
(Ib/bb!) (Ib/bbI) (cp) (cp) (Ib/100 ft) (lb/bb!) (Ib/ bbl) (cp) (cp) 100 ft2) 
0. - 46 33 51 0 = 46 31 50 
0.10 0.078 26 30 20 0.10 0.082 20 26 19 
0.25 0.179 18 24 17 0.25 0.195 18 23 13 
0.50 0.331 14 22 11 0.50 0.350 14 22 10 
1.00 0.617 1 20 6 1.00 0.690 13 22 9 
2.00 1.000 11 20 6 2.00 1.176 13 22 8 
4.00 1.292 14 22 1 4.00 1.776 18 25 VW 
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findings favored physicochemical adsorption as an 
explanation for deflocculation. 

Sodium polyphosphates are linear polymeric 
Structures composed of linked phosphorus-oxygen 
tetrahedra, with the general formula Nay49P,03n41- 
Single-bond radii for tetrahedral coordination are 
P = .35 and O = 1.49 A°, }2 Using a P-O length of 
1.84 A®°,the base of a PO, tetrahedron is calculated 
to be 15 sq Ao? To compute the coverage of any 
specific clay surface with phosphate molecules, 
the axial distance (c, 6b and a) must be known. 
Melrose® has suggested lateral dimensions (b and 
a) in the ratio of 1:2 to 3:4 for clay particles. The 
thickness c of the smallest clay particles is not 
known exactly, but minimum values from 10 to 
50 A° have been suggested in the literature. These 
values define a particle of one to five unit cells 
in thickness. Assuming that fractionM with average 
particle diameter of 0.04 micron (400 A°) is composed 
of particles five-unit-cells thick, the axial lengths 
are arrived at as follows. 


Volume of Particle = V = (7/6)d? = (3.14/6)(400)2 
= 33.75 x 10® cu A® 


Lateral Area =(b xa) =V/c = (33.75 x 10©)/50 
= 67.5 x 104 sq A®. 
Therefore, 
for b:a = 1:2, b = 580 A° and a = 1,160 A®, 
giving ceb:a = 1:10:20; 
and 
for bra = 3:4, b = 710 A° and a = 950 A®, 
giving c:b:a = 1:14:19. 
In the first case, a mean lateral dimension of 
(580 + 1,160)/2 = 870 A® is indicated; and in the 


second case, (710 + 950)/2 = 830 A®. The axial 
ratios obtained here may be dssumed to apply to 


TABLE 6 — 7 PER CENT SUSPENSION OF L FRACTION 
TREATED WITH SODIUM ACID PYROPHOSP HATE 


Amount Amount Stormer Plastic 

Added Adsorbed Viscosity Viscosity Yield Point 

(Ib/bbl) (Ib/bb1) (cp) (cp) (1b/100 ft2) 
0 - 57 38 65 
0.10 .083 35 30 30 
0.25 194 22 28 19 
0.50 0333 18 25 11 
1.00 667 13 22 8 
2.00 1. 166 10 20 6 
4.00 1.776 12 21 if 


particles of fractions with greater average sizes 
as well. Should particles be assumed to be of a 
single unit cell layer as postulated by Shaw,? 
resulting axial ratios (crb:a) of 1:130:170 or 
1:100:200 will be obtained, and the mean lateral 
dimension is 1,650 A®. Similarly for the L fraction 
which has an average particle size of 0.10 micron, 
computations show 140 x 1,400 x 2,800 A° for the 
1:10:20 ratios, 120 x 1,680 x 2,280 A° for 1:14:19 
ratios, and 35 x 3,500 x 7,000 A° for the 1:100:200 
ratios of c:b:a. Mean lateral dimensions range from 
2,000 to 5,200 A®°, while the indicated thickness 
varies from 3 to 14 unit cell layers. All of these 
derived particle dimensions fall within the range 
of sizes reported by most investigators. It is apparent 
that a rather wide variation in adsorption might 
exist if the assumption is made that the principal 
action of polyphosphate molecules is on the broken 
edges. 

A compilation of the data is presented in Tables 
7 through 12. The coverage on any clay surface was 
calculated from the amount of clay fraction treated, 
corresponding to a definite number of particles with 
the afore-mentioned postulated dimensions, and the 
surface area of the polyphosphate adsorbed. Spe- 
cifically, consider 6 per cent M fraction treated 
with 0.10-lb/bbl polyphosphate (Table 2). 

Using as a basis 100 cc of suspension 


Vol. of Clay 
Vol. of Particles 


No. Clay Particles = 


_ (60/2.3) x 1074 


1027. 


No. Polyphosphate Tetrahedra 
(0.075) (2.8525) 
102 


It 


x 6.02 x. 1023 = 12.5 x 1020, 


where 2.8525 is conversion factor from pounds per 
barrel to grams per liter. 


Total Area of Polyphosphate = 12.5 x 1029 x 15 


= 18.8 x 1021 sq A°. 


TABLE 7 — NUMBER OF MOLECULAR LAYERS OF SODIUM HEXAMETAPHOSPHATE ON THE SURFACES 
OF 7 PER CENT L FRACTION WITH THE AXIAL RATIOS OF 1:14:19 


Number of Layers on the Surfaces of 


100 

Amount Adsorbed Faces 
(Ib/bbl) Ib/bbl % A, (bc) 

0. 10 0.078 78.0 0.760 
0.25 0.194 77.7 1.900 

0.50 0.320 64.0 3.130 
1.00 0.570 57.0 5.600 

2.00 0.900 45.0 8.820 
4.00 1.160 21.0: 11.450 
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010 001 
Faces Faces 
Az (ac) Az (ab) A, +A; A, 
0.575 0.036 0.328 0.032 
1.435 0.090 0.818 0.081 
2.370 0.148 1.350 0.133 
4.220 0.264 2.410 0.238 
6.670 0.417 3.800 0.375 
8.600 0.537 4.900 4.830 
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Surface Area (ab) = 2 x a x b = 2 (500) (1000) 
= 108 sq A®. 

Total Surface Area (ab) = (7.75 x 1017) (10°) 

= 7.75 x 102° sq 


18.8 x 1021 


Coverage = = 0.02. 
3 7.75 x 1023 


For clay particles of 100-millimicron average 
size (L fraction), reduction in viscosity and yield 
point was obtained with all the polyphosphates 
employed at about equal concentrations. From 
Tables 7, 8 and 9, single-layer coverage by sodium 
hexametaphosphate adsorption on the edges of the 
L-fraction particles is found at 0.24, 0.27, and 0.13 
lb/bbl for corresponding particle dimensions having 
axial ratios of 1:14:19, 1:10:20 and 1:100:200, 
respectively. For the M-fraction particles, 0.52, 
0.57 and 0.27 lb/bbl of sodium hexametaphosphate 
are required to cover the edges of particles with 


like axial ratios (Tables 10, 11 and 12). Substantially 
complete deflocculation of the clay is observed 
with coverage of the edges, as evidenced by the 
destruction of gel properties and the low viscosity 
values. 

The experiments of Michaels!3 showed that the 
most likely site for adsorption of polyphosphates 
by kaolinite is the exposed edge of the gibbsite 
layer of a fractured sheet. Should the adsorption 
of polyphosphates on montmorillonite occur in the 
same manner, some degree of selectivity may be 
expected, particularly if direct chemical bonding 
takes place. It follows, therefore, that sharp 
changes in viscosity and gel properties would 
result because the neutralization of positively 
charged sites by attraction of anions would sub- 
stantially reduce edge-to-face, as well as edge- 
to-edge, configurational positions. 

Van Olphen!! found the order of magnitude of 
adsorption of sodium hexametaphosphate to be about 
14m. eq.*/100 gm of unfractionated sodium montmoril- 
lonite. This corresponds to 0.35 lb/bbl of 7 per 
cent clay suspension. 


* Abbreviation m. eq. is milliequivalent. 


TABLE 8 — NUMBER OF MOLECULAR LAYERS OF SODIUM HEXAMETAPHOSPHATE ON THE SURFACES 
OF 7 PER CENT L FRACTION WITH THE AXIAL RATIOS OF 1:10:20 


Number of Layers on the Surfaces of 


100 

Kaded Amount Adsorbed Bates 
(Ib/bbl) A, (be) 
0.10 0.078 78.0 0.884 
0.25 0.194 77.7 2.210 
0.50 0.320 64.0 3.650 

1.00 0.570 57.0 6.500 

2.00 0.900 45.0 10.200 

4.00 1.160 21.0 13.200 


016 001 
Faces Faces 
A> (ac) Az (ab) A, +A. A, +Az+Az 
0.442 0.0442 0.295 0.038 
1.105 0.0111 0.737 0.097 
1.825 0.1835 1.215 0.160 
3.250 0.3250 2.160 0.284 
5.100 0.5100 3.400 0.448 
6.600 0.6600 4.400 0.575 


TABLE 9 — NUMBER OF MOLECULAR LAYERS OF SODIUM HEXAMETAPHOSPHATE ON THE SURFACES 
OF 7 PER CENT L FRACTION WITH THE AXIAL RATIOS OF 1:100:200 


Number of Layers on the Surfaces of 


100 

Added Amount Adsorbed Races 
(Ib/bbl) lb/bbI % A, (be) 
0.10 0.078 78.0 1.900 
0.25 0.194 77.7 4.750 

0.50 0.320 64.0 7.850 

1.00 0.570 57.0 10.400 

2.00 0.900 45.0 22.000 

4.00 1.160 21.0 28.500 


010 001 
Faces Faces 
Az (ac) Ag (ab) A, + Az A, +Az+Ag 
0.950 0.010 0.633 0.001 
2.375 0.024 1.580 0.024 
3.925 0.040. 2.610 0.040 
5.200 0.052 4.660 0.051 
11.000 0.111 7.330 0.110 
14.250 0.143 9.470 0.142 


TABLE 10 — NUMBER OF MOLECULAR LAYERS OF SODIUM HEXAMETAPHOSPHATE ON THE SURFACES 
OF 6 PER CENT M FRACTION WITH THE AXIAL RATIOS OF 1:14:19 


Number of Layers on the Surfaces of 


100 
Added Amount Adsorbed 
(Ib/bbl) lb/bbI % A, (be) 
0.10 .075 75.0 0.345 
0.25 0.183 73.0 0.812 
0.50 0.325 65.0 1.440 
1.00 0.556 55.6 2.470 
2.00 0.890 44.5 3.960 
4.00 1.120 28.0 4.980 
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010 001 
Faces Faces 
Az (ac) Ag (ab) A, A, +Az+Ag 
0.258 0.018 0.148 0.016 
0.608 0.043 0.348 0.038 
1.080 1.077 0.620 0.068 
1.850 0.132 1.060 0.117 
2.970 0.210 1.700 0.187 
3.730 0.264 2.140 0.235 
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The amounts of sodium hexametaphosphate re- 
quired to cover the broken edges for the 6 per cent 
M-fraction and 7 per cent L-fraction clays are 0.27 
and 0.57 Ib/bbl, respectively, when the assumed 
particle axial ratio is 1:10:20. The average of the 
two values is 0.42 lb/bbl. If the axial ratio of 
clay particles is taken to be 1:14:19, an average 
of 0.38 lb/bbl of sodium hexametaphosphate should 
be adsorbed. This latter value is in good agreement 
with the value found by Van Olphen and gives 
support to the postulated specificity of adsorption 
on the edge surfaces. With axial ratios of 1:100:200, 
and correspondingly less broken edge surface, 
average adsorption for the two fractions is computed 
to be 0.20 lb/bbl. 

Now, if the action be chemisorption, the phosphate 
tetrahedra would be attached to the aluminum by 
replacing the hydroxyl ions on the edges. There 
are two hydroxyl ions for each aluminum atom, the 
distance between the latter being 2.6 A° (Fig. 1). 
There are two aluminum atoms and four hydroxyl 
ions for every 7.8 A° unit repeating section; this, 
multiplied by the unit thickness of 14 A°, is 109.2 
sq A°. Hence, the area can be covered completely 
by 109.2/15 = 7.3 phosphate tetrahedra. On the 
other hand, since there are only four replaceable 
hydroxyl ions in this same area, an area of only 
60 sq A° may be assumed to be covered; or, in other 
words, only 55 per cent of the area may thus be 
occupied. In the latter case, the amount of sodium 
hexametaphosphate required to replace all hydroxyl 
ions on the edges is 0.14, 0.15 and 0.07 Ib/bbl for 
the 7 per cent L fraction, and 0.28, 0.31 and 0.15 
Ib/bbl for the 6 per cent M fraction (as before, con- 
sidering axial ratios of 1:14:19, 1:10:20 and 1:100: 
200, respectively). 


If the principal selectivity of polyphosphate ions 
is by chemical bonding, then approximately 60 per 
cent reduction in the yield point of the L-fraction 
material is attained when this phase is reached; 
in the case of the M-fraction clay, greater edge 
surface area allows for more such direct bonding, 
and 80 per cent of the reduction in yield point may 
be attributed to such action. The data show that 
deflocculation results with complete coverage of 
the broken edges, and no further reduction in yield 
point is obtained regardless of the amount of poly- 
phosphate further added. For axial ratios of 1:100: 
200, saturation of the edge surface is complete when 
the corresponding reduction in yield point is 60 
per cent. Since substantial quantities of poly- 
phosphates still are adsorbed, this may be inter- 
preted to mean one of the following: (1) adsorption 
takes place on the plate (flat) surfaces — even 
though in these experiments with an excess of 
chemical, coverage of the .001 surface (ab) is com- 
puted to be only .143 molecular layers; (2) muii- 
molecular layers are adsorbed on the edge surfaces; 
or (3) the configuration for the 1:100:200 axial 
ratio is rather improbable. 

Sharper decreases in viscosity and gel strength 
are noted with sodium acid pyrophosphate. This 
may be due to comparatively better coverage of the 
edge sites since less interference may be occasioned 
in the attachment of the relatively smaller pyro- 
phosphate. 


SUMMARY 


The adsorption of sodium hexametaphosphate, 
sodium acid pyrophosphate and sodium tetraphos- 
phate on fractionated clay suspensions — primarily 
sodium montmorillonite — has been determined. 


TABLE 11 — NUMBER OF MOLECULAR LAYERS OF SODIUM HEXAMETAPHOSPHATE ON THE SURFACES 
OF 6 PER CENT M FRACTION WITH THE AXIAL RATIOS OF 1:10:20 


Number of Layers on the Surfaces of 


100 
Amount Added Amount Adsorbed Faces 
(Ib/bbl) Ib/bbI % A, (bc) 
0.10 .075 75.0 0.408 
0.25 0.183 73.0 0.960 
0.50 0.325 65.0 1.710 
1.00 0.556 55.6 2.920 
2.00 0.890 44.5 4.680 
4.00 1.120 28.0 5.900 


010 001 
Faces Faces 
Az (ac) Az (ab) A, A,+Az+Ag3 
0.204 0.020 0.136 0.018 
0.480 0.048 0.320 0.042 
0.855 0.086 0.570 0.074 
1.460 0.146 0.975 0.128 
2.340 0.234 1.560 0.204 
2.295 0.295 1.965 0.257 


TABLE 12 — NUMBER OF MOLECULAR LAYERS OF SODIUM HEXAMETAPHOSPHATE ON THE SURFACES 
OF 6 PER CENT M FRACTION WITH THE AXIAL RATIOS OF 1:100:200 


Number of Layers on the Surfaces of 


100 

Amount Added Amount Adsorbed Faces 
(Ib/bbl) Ib/bbI % A, (bc) 
0.10 .075 75.0 0.885 
0.25 0.183 73.0 2.080 
0.50 0.325 65.0 3.710 
1.00 0.556 55.6 6.320 
2.00 0.890 44.5 10.150 
4.00 1.120 28.0 12.800 
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010 001 
Faces Faces 
Az (ac) Ag (ab) A,+Apz A, 
0.443 0.004 0.295 0.004 
1.040 0.010 0.695 0.010 
1.855 0.019 1.235 0.018 
3.160 0.032 2.110 0.031 
5.075 0.051 3.380 0.050 
6.400 0.064 4.270 0.063 
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Reduction in viscosity and gel strength was 
found to be directly related to the adsorption of 
polyphosphates. Adsorption of each polyphosphate 
indicates the same general mechanism of defloccula- 
tion. Most of the adsorption, (55 to 80 per cent) is 
believed to be chemical-bonding in nature and 
appears to be confined principally to the edge 
surfaces. Although some adsorption undoubtedly 
occurs on the flat surfaces, the evidence shows 
that such adsorption probably plays a minor role 
in effecting changes in the gel strength. 

Axial ratios of 1:15:20 are indicated for sodium- 
montmorillonite particles ranging from 0.1 to 0.04- 
micron average size. A 3:4 ratio of lateral dimen- 
sions appears correct. 
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ABSTRACT 


The relationship between porosity and the speed 
of propagation of acoustic waves in fluid-saturated 
porous rocks as measured by the Sonic log and by 
ultrasonic techniques is analyzed. Biot’s continuum 
theory lis used to explain the difference in acoustic 
wave propagation between a dry and a liquid- 
saturated porous material. The porosity is a vari- 
able in this theory. However, the acoustic wave 
propagation in the dry rock depends too on porosity, 
and this dependence is not predicted by the theory. 
Frequently in dry sandstones, a nearly linear rela- 
tionship between reciprocal acoustic wave velocity 
and porosity is observed in the low-porosity range. 
The physics behind this behavior is outlined. An 
empirical relationship of the form,1/V =~ A+B 4, 
applies accordingly for many porous dry rocks, 
provided the porosity is the only variable. The 
presence of a liquid in the pores changes the value 
of B, and this change is found to be in agreement 
with the Biot theory. 

The time-average relation introduced some years 
ago” results in an equation of the same type — 
1/V = + (1 — ¢)/V, — but is not based on a 
sound physical picture. Still, this relation some- 
times predicts approximately correct A and B values. 

Carbonate rocks with their complicated pore 
structures sometimes show a different relationship 
between wave velocity and porosity, unfavorable 
for log interpretation. Examples are presented. The 
simultaneous presence of calcite, dolomite and 
anhydrite, with their different grain densities and 
matrix compressibilities, complicates acoustic-log 
interpretation in carbonate rocks still further. 

Other complicating effects of acoustic-log inter- 
pretation are discussed. They are related to the 
influence of shale streaks and natural fractures on 
the average wave velocity observed by the logging 
tool and to the effect of adsorption phenomena on 
wave propagation in unstressed rocks particularly 
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in sandstones. 


INTRODUCTION 


The velocity of propagation of sound waves in 
porous sediments as a function of depth is a 
quantity frequently measured. Velocity loggers of 
various design may be used, for which velocity is 
defined as the distance between a wave generator 
and a wave detector (one-receiver system) or the 
distance between two wave detectors (two-receiver 
system), divided by the shortest time required for 
a vibrational pulse to cross this distance. Velocity 
loggers are used to assist in seismic prospecting, 
to differentiate between the various types of sedi- 
mentary rock layers, and also to determine rock 
porosity and pore fluid content. This paper is 
especially concerned with the relation between 
velocity and porosity and the effect of the pore 
fluid. 

Most velocity-log interpretation in terms of 
porosity is based on a formula advocated by Wyllie, 
et al,? suggested earlier by Hughes and Jones,? 
and known as the ‘“‘time-average relation’’. This 
formula applies for a model consisting of a layered 
system of parallel alternating slices of a solid and 
a liquid, crossed by the wave path perpendicular 
to the interfaces. This must be an unsuitable model 
for the derivation of wave propagation properties 
of liquid-saturated porous media. It suggests that 
only rock matrix and fluid properties influence 
the wave velocity. The surprising fact, nevertheless, 
is that applications of this formula to clean sand- 
stones under specific conditions (sufficient effective 
stress) results in porosity predictions which are 
close to reality. 

Other authors, such as Gassmann,* White and 
Sengbush,° Brandt,© and Hicks and Berry,’ make 
use of more realistic models to arrive at a wave 


velocity formula for porous sediments. Their models 
consist of various liquid-saturated packings of 
frictionless spherical grains and are, therefore, 
also highly idealized. A number of experimental 
results obtained in the laboratory can be better 
explained with these model theories than by the 
time-average relation. A study of a general character, 
not depending a priori on a special model of the 
porous structure, was still lacking. 


Reduction in vis THEORY 


found to be direr ; 
| the speed of propagation 


polyphosphates 

yo-component system, one 
tion. Most vidual deformations. In a 
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hree-dimensional general 

____it 1 showed that the de- 

cermination of the relationship between the de- 

formations of solid and fluid is a problem which 

can be solved by the classical theory of me- 
chanics. 

If a porous solid is deformed, its pore volume in 
general also changes. If this pore volume contains 
fluid, this fluid can change in volume owing to its 
own compressibility. As the fluid compressibility 
in most cases will be different from that of the pore 
volume, the fluid will try to flow through the porous 
medium under the influence of an induced pressure 
gradient. A continuity equation applied to this 
case describes the balance between fluid displace- 
ment and change in fluid volume. The equations of 
motion of solid and fluid and the equations of state 
(the stress-strain relation of both components), 
together with the equation of continuity, are suffi- 
cient for the determination of the dynamic behavior 
of the porous system, provided the effect of temper- 
ature changes due to dissipation of energy as heat 
can be neglected. 

Applying this procedure to assumed isotropic and 
elastic porous media and further assuming that 
relative motion between rock grains and fluid takes 
place according to Darcy’s law, one arrives at a 
set of equations that describe the behavior of dila- 
tational waves (providing these waves are of a 
length greater than that of the largest grain dimen- 
sion). 


2 


02 0 
V2 (Ke = (Me ~ Pe (1) 


In this set of simultaneous differential equations, 
e represents the absolute dilatation of the porous 
solid, and € the ‘relative dilatation’’ between 
solid and fluid. The proper definition of ¢ is 


¢ (e = 
where ¢ represents the porosity and ¢ is the absolute 
dilatation of the fluid. Three densities appear in 


these equations: pis the total or bulk density of 


the system; py; is that of the pore liquid; and p, 
can be written in the form 
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where kK represents a mass-coupling factor which 
must have a numerical value > 1; x = 1 means that 
there is no mass-coupling. Zwikker and Kosten® 
obtained a theoretical value of x = 3 for a system 
of randomly oriented pores. We will consider xk as 
an unknown material property. A method for the 
experimental evaluation of the mass-coupling 
factor will be published soon. p/k is the mobility 
of the pore fluid, H, Kand L are elastic deformation 
properties representing combined functions of the 
individual deformation properties of the components 
of the system and the porosity. 

The nature of the constants H, K and L can be 
analyzed with the use of a more detailed theory 
relating stress and strain in a fluid-saturated porous 
medium. In 1951, Gassmann® outlined the funda- 
mentals of this theory. Further studies on this 
subject have been published by Geertsma}° and by 
Biot and Willis11 Applying these published results 
to define H, K and L, we find (for derivation see 
Geertsma and Smit 12) 


and 

L = 1 

where 


Cp, 


Cc, = compressibility of rock matrix, 

Cp = compressibility of the rock bulk material, 
c, = compressibility of the pore fluid, and 

G, = the shear modulus of the rock bulk material. 


The differential Eqs. 1 predict the existence of 
two plane dilatational waves with very different 
properties. Only the wave ‘‘of the first kind’’ is a 
true wave. The wave ‘“‘of the second kind’’ obeys 
an equation which has more the character of a 
diffusion equation and is, thus, highly attenuated 
and only observable in the immediate neighborhood 
of the wave source.* For the interpretation of the 
velocity log, only the wave of the first kind has to 
be considered. The exact solution for the wave 
velocity of the wave of the first kind is easily 
arrived at but is impractical for engineering pur- 
poses. Geertsma and Smitl2 derived a suitable 
approximate solution which reads 


*Patterson 3 reported rates of propagation which are very 
likely those of the wave of the second kind. Tchekaliuk 14 


reported some preliminary work on the theory of the wave 
of the second kind. 
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ve (<2) 
where 
H 
2 
Lp + Hp, Kp; 
PPo — Pi 
and 
2\ * 
@  kpwf[PPe ~ Pj 
5 (9) 
c 


Vo represents the theoretical wave velocity at 
zero frequency, V,. is the wave velocity for infinitely 
large frequency and @ is the frequency. Substitution 
of Eqs. 3, 4 and 5 into Eqs. 7 and 8 leads to 


= 2 
0 om By (1 ~ d- + P 


which, by taking an average value of Poisson’s 
ratio vz = 1/5, reduces to 


B (1 — B)2 1 
And in the same way, 
p 4 
v2 = 
+(1-8)(1-B-2 ¢/x) 1 
"= Ble, + $e) a 


THE INFLUENCE OF FREQUENCY 


It is thus predicted that the wave velocity depends 
on frequency, and we have to know the extent of 
this dependence in practice. Since the differential 
Eqs. 1 are valid only so long as Darcy’s flow law 
is valid, the applicability of solution Eq. 6 is 
restricted to small values of w/w. The high- 
frequency range has also been investigated by 
Biot, but it appears that in this range neither the 
value of V.. nor the general picture of the frequency 
dependence of wave velocity is altered. 


*The ratio W/W, , the frequency number, may be considered 
as the Reynolds number of the vibrating motion, It represents 
the ratio of inertia and viscous forces. 
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Eq. 6 predicts that for @/w, < 0.1 and for w/w, 
> 5 the wave velocity is nearly independent of 
frequency. In the range between these limits there 
is a notable dispersion. At first sight, therefore, 
one should conclude that, for an easy interpretation 
of wave velocity, the frequency of the signal should 
not be chosen in the ‘‘transition zone’’. In practice, 
however, this depends on the numerical differences 
which can be expected between Vp and V,,. 

The location of the transition zone is indicated 
in Fig. 1. Here, for the case of water-saturated 
sandstone, @ has been plotted against porosity 
with permeability as a parameter. Water viscosity 
was taken to be p = 1 cp, while for the densities of 
solid and liquid the values 2.5 and 1.0 gm/cc were 
taken, respectively. The formulas for the constant- 
permeability curves follow from Eq. 9. Assuming 
kK = 3, one finds for the lower limit of the transition 
zone 


low 


while 


Opigh =>9 low 


represents the upper limit of the transition zone. 
Only the curves for the lower limits are given in 
the figure for four values of the permeability. 
Though there is no theoretical relationship between 
porosity and permeability, we shall use a rough 
empirical correlation between the two quantities 
obtained from data collected by Muskat!> If this 


CIRCULAR FREQUENCY 2 (c/s) 
107 


VALIDITY LIMIT FOR (G-p) = 
100 MN /m 


VALIDITY LIMIT FOR (G-p)=0 


WAVE VELOCITY INDEPENDENT 
OF FREQUENCY. V=Voo 


bo Z Z 
108° FREQUENCY RANGE USED IN 
8 VELOCITY WELL LOGGING 


ZS ZA ZA 


WAVE VELOCITY 
AP FREQUENCY DEPENDENT 


10@mD 


104 WAVE VELOCITY INDEPENDENT Z 
OF FREQUENCY | V=Vo 


103mo 


POROSITY 


FIG. 1— GRAPH INDICATING REGION 

WHERE WAVE VELOCITY IS FREQUENCY- 

DEPENDENT FOR WATER-SATURATED 

SANDSTONES (MASS-COUPLING FACTOR 
Ki="3) 


237 


2 
@ 
Vise 
6 
Ys 
Z Z 

2 

Z Z 

108 B Dy 
4 B B 
Z | 
/ WHiGH = 50 WLow ZB, 

2 

ZZ, 
2 ] 

4 

3 

iC 0.10 0.20 0.30 0.40 0.50 


correlation is applied, the frequency-dependent 
region can be roughly evaluated. This is represented 
by the L-shaped section in the figure. The frequency 
region used in practice in acoustic-logging tech- 
niques lies (see Striplingl®) between 10 and 20 
kc/sec. This region is also indicated in Fig. 1. 
It is seen that the frequency-dependent region is 
not completely avoided, but for porosities below 
20 per cent the velocity approaches Vg, even for 
low liquid viscosities such as that of water. 

On the other hand, laboratory experiments with 
ultrasonic devices will measure the approximate 
value of V,,. A theoretical evaluation of the ratio 
reveals that, when the mass-coupling factor 
kK approaches oo, the frequency dependence dis- 
appears and V,, = Vo. In practice « is not infinite, 
yet a numerical study of the ratio V,,/Vo for sedi- 
mentary rocks reveals that the difference between 
Vo. and Vo using reasonable values for « will in 
general be smaller than 10 per cent. A more precise 
determination of the differences between V,, and 
Vo can be given only after a correlation between 
B and ¢@ has been discussed. In most cases the 
actual differences are not large, although they are 
not entirely negligible if one compares sonic and 
ultrasonic data. 

Fig. 1 also indicates the limit of validity of the 
continuum theory. This limit is given by the con- 
dition that the wave length should be much larger 
than the grain diameter. It is assumed here that 
for sandstones the limiting wave length is 0.5 cm. 
This condition leads (using data presented later 
on) to the limiting curves in the upper part of the 
figure. The conclusion can be drawn from these 
curves that the Biot theory is applicable up to 
frequencies far in the ultrasonic region. 


INFLUENCE OF THE BULK DEFORMATION 
PROPERTIES 


Eq. 7 will be used from now on for the interpre- 
tation of acoustic wave velocities in saturated 
sediments. It gives the effect of the properties of 
rock matrix, rock bulk material and pore fluid on 
the wave velocity. Solid and liquid densities, 
porosity and compressibilities of solid matrix and 
liquid occurring inthis equation can be considered 
as true and mutually independent constants. These 
same variables (though indirectly) appear in the 
time-average relation. In the present equation, 
however, the elastic properties of the rock bulk 
material (expressed by £) play a dominant role. 

The first term in the velocity equation in general 
provides by far the largest contribution to the 
velocity value and is a direct function of the rock 
bulk elastic-deformation properties cy and vp. An 
exception is found for suspensions, where one has 
to insert 8 = 0; accordingly, for this case the wave 
velocity depends only on porosity (or, rather, con- 
centration) and the densities andcompressibilities 
of the individual phases. 

There are sufficient indications that the rock 
bulk compressibility is a function of porosity, 
pore-size distribution, composition of the cementing 
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material, type of sedimentary rock and effective 
stress. 


DEFORMATION THEORIES BASED ON MODELS 
OF THE BULK MATERIAL 


The theory of Biot and its further development 
thus presents only a partial solution for the problem 
of acoustic-wave-velocity interpretation in terms 
of porosity. It predicts only the difference in 
acoustic wave velocity in dry and in fluid-saturated 
porous media. For further progress, basic knowledge 
on rock bulk compressibility is required. Many 
attempts to evaluate this property of sedimentary 
rocks on a theoretical basis can be found in the 
literature. Various models of porous structures 
have been analyzed for this purpose. Adams and 
Williamson!” as early as 1923 suggested two 
simple theoretical models for an investigation of 
the influence of pores on rock bulk compressibility 
in the low-porosity range. 

1. The unit element of the structure is a solid 
sphere with a central spherical cavity. 

2. The unit element is a solid sphere with a 
narrow spherical shell-shaped cavity, separating 
a solid central sphere from an outer spherical shell 
comprising the remaining solid material. 

We carried out the necessary calculations for 
these models using the classical theory of elasticity 
and found that, in the case of the spherical pores, 


M+@ 
hy 


or 


M is only a function of Poisson’s ratio of the matrix 
material, 


(10) 


2(1 2v) 
This result means that (1/8 — 1)is, roughly, directly 
proportional to @ in the low-porosity range. It can 
be shown that, for any model of a solid with suffi- 


ciently isolated holes distributed at random, a 
relationship of the form 


holds. Using van der Knaap’s!8 definition of 
pore compressibility 


Cp = (1/8 - 1)q/¢, 


this implies that 


1 
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or a nearly constant pore compressibility in the 
low-porosity range. 

Conversely, for the model with the shell-shaped 
pores (shell crack at one-half the outer radius of 
the unit sphere), one obtains 


So here, (G- ! is independent of porosity. This 


may possibly be a suitable model for a rock con- 
taining microcracks. A model whose deformation 
characteristics agree in some important aspects 
with those of granular sediments is a packing of 
spheres. Several types of packing are possible, 
and different quantitative results are consequently 
obtained by various authors. Apart from this de- 
pendence of deformation characteristics on packing, 
there is the problem that an exact calculation of 
the bulk deformation properties of packings of 
spheres is complicated. Most investigators avoid 
some of the complications by assuming that the 
spheres of the model deform without friction at 
the contact points. This means that at the grain 
contacts only normal forces are taken into account. 
Only Mindlin19 has considered the additional 
influence of friction. 


Two characteristic deformation properties of 
packings of spheres are the following. 

1. The elastic “‘constants’’ of an array of spheres 
are pressure-dependent. Calculations show that the 
bulk compressibility of such models is invariably 
proportional to (6 — p)}/3, 

2. The porosity of packings of uniform spheres 
varies roughly between 25 and 45 per cent, but 
from deformation studies of different uniform 
packings one cannot obtain a clear picture of how 
the compressibility of a uniform sphere packing 
depends on porosity. Brandt® did some interesting 
work on packings built up from spheres of various 
diameters. In this way the porosity could be varied 
more-or-less gradually. He found that the pore 
compressibility of nonuniform sphere packings 
should be nearly independent of porosity, as in 
the case of a solid with isolated holes. 


We conclude from this analysis that for many 
porous sediments, other variables kept constant, 
a relationship of the form of Eq. 11 possibly exists 
between pore compressibility and porosity. 


Introducing a constant C in Eq, 11, we can write 


The dilatational wave velocity in the dry rock 
depends on this rock bulk compressibility. 
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Assuming as a first approximation that Poisson’s 
ratio is independent of porosity, we realize that 
{(vb)/ppcr = Vi the matrix wave velocity. So 


-1)¢ 


which for small porosity values can be further 
approximated as 


1/V = 1/V, ) 


This equation is of the form 


and the additional information is that A = 1/V, in 
this approximation. The coefficient B depends 
strongly on the value of the pore compressibility, 
but it has nothing to do with the presence of a 
fluid in the pores. Substitution of Eq. 12 in Eq. 7a 
for the case of a liquid in the pores does not 
change the approximate result Eq. 13 very much. 
To a first approximation, only A and B obtain a 
different value. 


EXPERIMENTAL DATA 
CLEAN SANDSTONES 
In Fig. 2, rock compressibility data calculated 
from velocity measurements for a number of dry 


sandstones at atmospheric pressure have been 


collected. They are derived from measurements 
by Wyllie, et al,2 data collected by Wuerker2° 
and a number of experiments carried out in our 


cr RB 


SANDSTONES DRY x 


[el 
x 
a 
° 
x 
Sk fe) 
ia} 
Oo WYLLIE ET AL 
rane) OWN MEASUREMENTS SONIC 
0.10 0.20 0.30 


FIG. 2 —c,/c, AS A FUNCTION OF POROSITY FOR 
DRY SANDSTONES ACCORDING TO DYNAMIC MEAS- 
UREMENTS (ATMOSPHERIC PRESSURE). 
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laboratory. In this figure, 1/B = (c,/c,) is plotted 
against the porosity. Results roughly suggest a 
nearly linear relationship 


A relationship of the form of Eq. 10a would be 
more satisfactory from a theoretical point of view, 
but would be less convenient to handle while it 
hardly gives a better result for low porosities. 
Thus, for these sandstones, the pore compressibility 
is indeed nearly independent of porosity, in agree- 
ment with the foregoing theoretical considerations. 

For the dependence of f on effective stress, we 
can use van der Knaap’s18 empirical relationship 
for the bulk compressibility of sandstones, based 
upon an observed pore compressibility 


Cp = 3.5x10-3 p)-2/3sq m/MN.* 


If it is assumed that c, = 0.25 x 1074 sq m/MN, 
this leads to 


Eq. 14 cannot be the general relationship, since 
it predicts an infinitely large bulk compressibility 
at (6 — p) = 0. This is only true for loose sand. A 
closer look at van der Knaap’s results, which are 
reproduced here in Fig. 3, shows that the straight 
line between log cy and log (G — p) breaks down 


Ze sq m/MN (square meters per meganewton) = 6.89 X 10°3 
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FIG. 3 — PORE COMPRESSIBILITY DATA OF SAND- 
STONES (ACCORDING TO VAN DER KNAAP IN REF. 
18); 1 MEGANEWTON/SQ M = 145.04 PSI. 
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somewhere below (@ — p) = 2 or 3MN/sq m. At low 
effective stress values, the curve bends down to 
a horizontal asymptote; the pore compressibility 
for (© — p) = 0. Additional experimental work has 
confirmed this, and in Fig. 4 the final result is 
indicated. This result suggests that for consolidated 
clean sandstones an empirical relationship of the 
form 


bp) + | (15) 


Cy 


will be the best average expression for the bulk 
compressibility. If we take @ = 50, n = 3/2 and 
b = 5,000 (MN/sq m)”, one obtains Eq. 10b for 
(@ — p) = 0, while Eq. 14 is approached for large 
values of (@ — p), since 


5,000-2/3 = 3.5 x 10-3, 


The coefficients a, 6 and n will depend on grain 
cementing material, pore configuration, etc., but 
at any given stress level there is a linear relation 
between the porosity and (1/8 — 1). 

Combination of Eq. 15 with the general theory 
just outlined permits a more precise determination 
of the ratio V,,/Vo in sandstones. This ratio is 
plotted in Fig. 5 for an average value of the mass- 
coupling factor x = 3 and for water-saturated sand- 
stones at different values of ( — p) and ¢. It is 
seen that the ratio V,, /Vg is in general lower than 
£05. 

It is now possible to calculate the velocity of 
plane dilatational waves as a function of porosity 
at zero effective stress in water-saturated sand- 
stones according to Eq. 8a. The results are given 
in Fig. 6 where V,, has been plotted for x = 3. 
These theoretical results are compared with the 
ultrasonic measurements reported by Wyllie, et al, 
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and it is seen that the agreement is good over the 
whole porosity range. 

Next, V,, and Vo in water-saturated sandstones 
can be calculated as a function of both porosity 
and effective stress. Results are plotted in Fig. 7. 
In this figure the time-average relation is also 
indicated. A single curve is obtained for the time 
average relation since it is independent of effective 
stress. It is seen that, although the difference 
between the results of the two theories is con- 
siderable for moderate porosity values at very low 
and high effective stresses, for the stresses pre- 
vailing at average reservoir depths the time- 
average relation may predict more-or-less accurate 
porosity values. 

Eq. 15 also explains the entirely different velocity 
data obtained by Hicks and Berry7 and by Wyllie, 
et al.* The measurements by Hicks and Berry were 
carried out in water-saturated sandstones at an 
effective stress of about 42MN/sq m. In Wyllie’s 
measurements, the effective stress was zero. Fig.8 
demonstrates that velocity predictions with Eq. 15 
for (0 — p) = 50 MN/sq m agree very well with 
Hicks and Berry’s results, while those predicted 
for (o — p) = O fit in quite well with Wyllie’s data 
(as was already shown in Fig. 6). Fig. 6 shows 
that the presence of water in the pores straightens 
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FIG. 5 — THE RATIO Y%/Vp FOR WATER-SATURATED 
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FIG. 6 - COMPARISON BETWEEN MEASURED AND 

CALCULATED ULTRASONIC PLANE DILATATIONAL 

WAVE VELOCITIES IN AIR-DRY AND WATER-SATU- 

RATED SANDSTONES (MEASURED DATA ACCORDING 
TO WYLLIE, ET AL). 
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the curves of 1/V against ¢, and an approximate 
relationship of the form 


1/V =A+B¢ 


applies over a larger porosity range in the water- 
Saturated situation. More detailed information on 
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TABLE 1 — SOME AVERAGE VALUES FOR MATRIX 
DENSITIES, MATRIX COMPRESSIBILITIES AND WAVE 
VELOCITIES FOR CALCITE, DOLOMITE AND ANHYDRITE 


Plane 
Dilatational 


Grain Matrix Acoustic Wave 
Density Compressibility Velocity 
1074 m2/MN (m/sec) 
Calcite 2.70 —2.76 0.135 6400 
Dolomite 2.81 —2.86 0.100 7200 
Anhydrite 2.96—3.00 0.135 6000 


the difference between the acoustic wave velocity 
in dry and in water-saturated sandstones is given 
Vo = Va 


in Fig. 9. Here, the ratio ——7—— is plotted 
0 


against the porosity, in which it is assumed that 
(1/8 — 1) = C¢ and C is taken as a variable. Low 
C-values apply to tight rocks or rocks under high 
confining pressure. For Vo the case of water in the 
pores is considered (p7 = 1.00 and c; = 4.00 x 
10-4 sq m/MN). It is seen that for low C-values the 
effect of water in the pores becomes small and 
that the difference Vo — Vg,y can even be negative, 
that is, the water in the pores lowers the wave 
velocity. It is concluded that acoustic velocity 
data are able to differentiate between gas or liquid 
in the pores in soft formations only. 


CARBONATE ROCKS 


The different origin of carbonate porosity, to- 
gether with the mixed presence of calcite and 
dolomite sometimes contaminated with anhydrite 
inclusions, suggests a priori that acoustic-log 
interpretation in carbonate rocks in terms of porosity 
will be more complicated than in sandstones. 

Calcite, dolomite and anhydrite have different 
matrix densities and matrix compressibilities. Some 
average values are collected in Table 1. 

Therefore, from the beginning we will make a sub- 
division in calcite and dolomite and exclude the 
(in general, nonporous) anhydrites. We determined 
ultrasonic wave velocities in a series of carbonate 
rock samples of which van der Knaap!8 has reported 
the pore compressibilities. We will refer to this 
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FIG. 9 —- EFFECT OF THE PRESENCE OF WATER ON 
ACOUSTIC WAVE VELOCITY ACCORDING TO BIOT’S 
THEORY. 
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series as Series A. In Ref. 18 van der Knaap showed 
that for these carbonates the pore compressibility 
was strongly influenced by the porosity. At a given 
stress level, c, increases with decreasing porosity, 
particularly in the low-porosity range. If our theo- 
retical conditions are correct, this predicts a quite 
different relationship between acoustic wave veloc- 
ity and porosity than observed for sandstones, at 
least in this low-porosity range. Because van der 
Knaap’s core material was partly calcite and partly 
dolomite, the velocity data had to be subdivided 
necessarily according to the type of carbonate. 
Unfortunately, this also resulted in a subdivision 
of the porosity range — the calcites were predom- 
inantly low porous, the dolomites showed higher 
porosity figures (9 to 17 per cent). In agreement 
with the pore compressibility data, the wave veloc- 
ities varied considerably with effective stress. 
In Fig. 10, therefore, reciprocal wave velocities in 
the calcites are plotted as a function of porosity 
for the arbitrary stress level of 50 MN/sq m (about 
500 atm). In Fig. 11 the corresponding data for 
the dolomites are shown. In neither plot can a 
linear relationship between 1/V and ¢ be detected; 
the reciprocal velocity varies rapidly in the low- 
porosity range and slowly at higher porosity. This 
is exactly what should be expected on the basis of 
the pore compressibility behavior. 

Not all carbonates are alike, however. Also 
plotted in Figs. 10 and 11 are data obtained from 
dry cores of another carbonate reservoir, determined 
at the same effective stress of S0MN/sq m. Again 
calcites are separated from the dolomites. This 
series, indicated by B, does show a nearly linear 
relationship and thus behaves similarly to many 
sandstones. A comparison between Curves A and 
B in the same figures further reveals that wave 
velocities in Series A for a given porosity are 


invariably lower. Accordingly, Formation A has 
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FIG, 10 - ULTRASONIC WAVE VELOCITY IN CAL- 
CITES AT 500 ATM (DRY CORES). 
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to show the largest pore compressibilities. Addi- 
tional pore compressibilities measured by van der 
Knaap for Series B are reproduced in Fig. 12. Com- 
parison between these data and the data pertaining 
to Series A reproduced in van der Knaap’s publica- 
tion!8 reveals that, indeed, Series A has by far 
the larger pore compressibilities, particularly in 
the low-porosity range. It is also apparent from 
Fig. 12 that in Series B the pore compressibility 
is independent of porosity, in agreement with the 
linear relationship between 1/V and ¢. 

In Fig. 13, finally, acoustic velocity data of 
various calcites are compared. Sonic-log data 
obtained in a typical calcite section in an Austrian 
well at an average depth of 1,400 m are compared 
with ultrasonic wave velocities in the calcite Series 
B just mentioned, at a corresponding effective 
stress of 150 atm. The agreement is satisfactory. 
In addition, some ultrasonic velocity measurements 
in West European calcite-outcrops are included. 
These data also seem to agree with the other data. 
For the sake of completeness, the time-average 
relation assuming the presence of water in the 
pores is also given. This line fits the data as well. 
It must be noted, however, that the laboratory 
measurements were taken on dry cores. Again we 
are forced to conclude that the time-average relation, 
although untenable from a physical point of view, 
can by a lucky coincidence give correct results. 


INFLUENCE OF SHALE LAYERS AND 
HORIZONTAL FRACTURES ON EFFECTIVE 
VERTICAL STRESS 


We have seen that a decrease in bulk compress- 
ibility with increasing effective stress is a property 
of most sedimentary rocks. It causes an over-all 
gradual increase in elastic wave velocity with 
depth. At the same time, any stress discontinuity 
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FIG. 11 — ULTRASONIC WAVE VELOCITIES IN DOL- 
OMITES AT 500 ATM (DRY CORES). 
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in the neighborhood of the borehole must affect 
wave velocity. Such discontinuous wave velocities 
might easily be interpreted as porosity variations 
if one were not aware of the effective-stress effect. 
Three examples are given as follows. 

1. So long as the fluid contact in the pores is con- 
tinuous in a downward direction, the gradient of 
the effective vertical stress is fairly low. Imperme- 
able shale layers, however, may sustain a consider- 
able fluid pressure difference at both sides of the 
permeability barrier. Even if this impermeable 
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FIG. 12 — PORE COMPRESSIBILITIES OF 
SOME CARBONATE ROCK SAMPLES, 
SERIES B (MEASUREMENTS BY VAN DER 
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barrier separates two parts of the same porous 
sediment, the wave velocity in these parts may 


be different owing to different 


conditions. 


effective-stress 


2. Shale layers may disturb the vertical stress 
distribution in yet another way. Zheltov and Khris- 


tianovich,?! in a detailed study, 


showed that a 


considerable re-distribution of vertical effective 
clay formations 
tress distribution 


of little strength. A plastic s 
t 


the sediments immediately below the clay 
while the rocks lying above the clay form a 


and experience an increased ef 


the layer below the clay is a prod 


the low wave velocity f d 
formation might easily be inter 


fective 


stress. 


of 


layer, 
dome 


If 


uci ing formation, 
at the top of this 


preted as a high 
porosity. That such plastic stress conditions in 
clays around the well are real has been shown by 
Hicks.22 Using a multi-receiver velocity-logging 
system, he found that the wave velocity in a 
clay layer increased with eae receiver- 

I stance, the 


waves. This 
there was a considerable pressure 


relief in the clay near the borehole. A further con- 
| cks, is that this 
stress relief makes itself felt immediately below 


sequence, not mentioned by Hi 
] 


the shale Bs: The distance 
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s 
may occur if a horizontal or 


natural fracture intersects the 


act 
fracture, only the fluid pressure 


sustain the vertical lead of the 


over which it is 


on the extent of the 
this in turn depends 
and charac- 


d 
ame effect, but still more eecieaecrss. 


nearly horizontal 
wellbore. In the 


is available to 


overburden. This 
causes stress concentrations around the fracture, 
the formation directly above the fracture experiences 


an increased effective stress and the formation 


imme diately below the 


The resuiti 


fracture. 


fracture is relieved. 
stress pattern leads to a reduction 
in in the formation below 


the fracture 
which is greater than the increase in velocity 
f ion The average 


in 


t e 
result, ‘“‘seen’’ by the log is a velocity reduction. 


PHYSICAL INTERACTION OF PORE FLUID 
AND POROUS SKELETON 


van der Knaap!8 and others have noted that the 
nature of the fluid, and also the amount of fluid 
present in the pores, may have a remarkable effect 
on the elastic properties of sedimentary rocks. 
This behavior results in experimental data on 
samples, particularly at atmospheric pressure, 
that are completely different from the theoretically 
predicted results, and one can easily misinterpret 
the observed wave velocities. 

This will be illustrated with some examples. 
The resonance frequency (being directly proportional 
to wave velocity) of porous rods was measured for 
both torsional and longitudinal vibrations. The 
cylindrical samples were examined both air-dry and 
saturated with different liquids at atmospheric 
pressure and under frame pressure. In the latter 
case, the sample was covered by a very thin rubber 
jacket, placed in a pressure vessel and pressurized 
on the outside by means of hydrogen. 

At atmospheric pressure the resonance frequen- 
cies of sintered porous material show a small 
decrease upon saturation with fluid. This is in 
agreement with the theory previously outlined. 
By contrast, corresponding measurements on sand- 
stones show quite different results in this respect. 
This is illustrated by the data collected in Tabie 
2. The figures in this table give reasonance fre- 
quencies for a number of sandstones and sintered 
porous structures saturated with various liquids. 


In the case of sandstones, only the addition of 
ome and sym-tetrachloroethane results in a 


small decrease in resonance frequency. For sintered 
materials, all liquids show this effect. However, 
saturating the sandstone samples with water clearly 
results in a much greater drop in resonance fre- 
quency. Saturating the samples with oils gave rise 
to a considerable increase in resonance frequency, 
compared with that of the dry samples. One easily 
arrives at the conclusion that the wave velocity 
should make a clear distinction between oil-bear- 
ing and water-bearing formations. These facts 
cannot be explained by the Biot theory. The exper- 
iments also showed that the attenuation of elastic 
waves in water- and oil-saturated sandstones, as 
derived from the resonance tests, is considerably 


TABLE 2 — RESONANCE FREQUENCIES OF WET AND DRY POROUS SYSTEMS AT ATMOSPHERIC PRESSURE 


Res 


Ecce Resonance Frequency, Wet System 
Dry Sym-tetra- Transformer Middle East 

d k System * Heptane chloroethane Oil Crude Water 
Porous System (per cent) (darcies) 1 t 1 t ] t ] t ] t ] t 
Rumeoila Ss 20 ~ 12900 8600 12550 8450 11250 9000 13350 8600 14450 8950 9180 7000 
Zubair Ss 17 - 11600 8750 11200 8550 11550 8700 13550 8950 14100 $550 7600 5600 
Berea Ss 24 0.24 12150 8750 11450 8300 11200 8200 14000 9400 14300 9075 7400 5800 
Sintered Glass 36 39.5 10300 7150 9900 7200 - - 9600 6650 - - 9850 6750 
Si Carbide 26 1.9 22400 14600 21700 14100 - - 21600 14000 - - 21400 13950 
Corborundum 31 14.3 31700 20500 31000 20100 30400 19500 30800 19800 - ~ 30000 18500 

Heptane : p = 0.68, = 0.40 ep Transformer Oil : pL = 25 ep 

Sym-tetrachloroethane: 9 = 1.50, = 0.76 cp Middle East Crude : = 71.5 cp 
* 1= longitudinal woves, t = torsional waves. 
244 SOCIETY OF PETROLEUM ENGINEERS JOURNAL 


Stress reiier | 
Jeener the = 
qeeper the pe 
chawed thar 
SHOW CU 
sloctie Sane in the clay 
piastic zone in the ciayv, an 
nt 


higher than predicted by the Biot theory. This 
derivation is omitted here but can be found in a 
paper by Geertsma and Smit.12 

The observed anomalous behavior very probably 
is due to adsorption of the pore fluids and seems 
to be most important in an analysis of the physical 
behavior . of the so-called weathered layer. The 
reason why there is no need to explain these experi- 
mental results in the present study is that these 
adsorption effects do not show up in the practice 
of velocity logging. This was concluded from a 
series of experiments which showed that these 
anomalous effects become almost unnoticeable 
and that results are always in line with what should 
be expected from Biot’s theory provided a suffi- 
ciently large effective stress is applied to the 
skeleton.* 

Except in the shallow depth range, the effective 
stress around the borehole is sufficiently high to 
eliminate adsorption effects. We were careful not 
to include data influenced by such adsorption 
phenomena in the present study. The interesting 
effects of adsorption and its influence on the 
mechanical properties of porous rocks are still 
subjects of investigation. 


CONCLUSIONS 


This investigation of the relationship between 
the speed of propagation of elastic waves in liquid- 
saturated porous rocks and porosity leads to a 
number of conclusions. 

1. Unfortunately, the time-average relation now 
in use for deriving porosity values from the acoustic 
log is based on a wrong physical picture. However, 
in many sandstones and carbonates it predicts, 
independently of the fluid content of the pore space, 
about the correct trend of the relationship between 
acoustic travel time and porosity at depths between 
1,000 and 3,000 m, if for the wave velocity of the 
liquid in that equation the velocity in water is 
taken. 

2. The Biot theory explains the difference in 
acoustic wave velocity in dry and liquid-saturated 
porous mediaunder reservoir conditions of effective 
stress. This difference is usually rather small in 
deeply buried well-cemented reservoir rocks. Dif- 
ferentiation between liquids and gas with the Sonic 
log is possible only in near-surface rocks, preferably 
consisting of loose particles. 

3. In the dry rock frequently a nearly linear 
relationship between reciprocal acoustic wave 
velocity and porosity is observed, corresponding 
with a pore compressibility which is independent 
of porosity. The basic relationship between the 
deformation properties of the rock bulk material 
and the acoustic wave velocity is shown to be 
equal to that in nonporous solids. 

4. Carbonate rocks sometimes show a rather 
peculiar relationship between pore compressibility 
and porosity, as has been reported earlier. This 


*Adsorption effects also disappear if the frequency is chosen 
in the higher ultrasonic ‘region above about 1 megacycle/ 


second. 
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corresponds with an equally peculiar relationship 
between acoustic wave velocity and porosity. 

5. The interpretation of the acoustic log in 
carbonate rocks is furthermore complicated by the 
presence of both calcite and dolomite, which have 
different matrix velocities. 

6. Both compressibilities and acoustic wave 
velocities are nearly always strongly pressure- 
dependent. Therefore, porosity-velocity correlations 
must always be carried out at corresponding stress 
conditions. 

7. The acoustic wave velocity in liquid-saturated 
porous sediments is somewhat frequency-dependent. 
The effect of frequency results in minor numerical 
differences (less than 5 per cent) between sonic- 
and ultrasonic-wave velocity data. 

8. The fact that acoustic wave velocity is a 
function of effective stress renders the Sonic log 
sensitive to discontinuities in the vertical effective 
stress distribution around the borehole. Such stress 
discontinuities may result from impermeable barriers 
between permeable layers and plastic stress con- 
ditions in clay layers around the borehole; they 
also may be caused by natural fractures. Velocity 
variations resulting from these phenomena can 
easily be misinterpreted as being due to porosity 
variations. 

9. The results of wave propagation experiments 
in sedimentary rocks under low or zero effective 
stress often are influenced by adsorption of the 
pore fluid on the grain surfaces. In that case, they 
are of no value for the interpretation of what the 
Sonic log ‘‘sees’’ at depth. 


NOMENCLATURE 
c, = tock bulk compressibility, m-1L ¢? 


cz = liquid (fluid) compressibility, m=! 


c, = pore compressibility, 


c, = tock matrix compressibility, m-! L t2 
e = absolute dilatation of rock bulk material 


Gy = shear modulus of rock bulk material = 
2v) 
Ze, 4 
H,K,L = deformation constants occurring in Biot’s 
theory, m L-1 ¢-2 
k = permeability, L? 
p = hydrostatic pore tension, m L*! t-2 
t = time, t 
V = acoustic wave velocity (real part), L t-! 


Vo = acoustic wave velocity for zero frequency, 


V.. = acoustic wave velocity for infinite high 
frequency, L 
B=G/cp 


Il 


absolute dilatation of pore fluid 


relative dilatation between solid and 
fluid = d(e-€) 
K = mass-coupling factor > 1 


I 


= fluid viscosity, mL"! t 
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v, = Poisson’s ratio of rock bulk material 
p = total or bulk density, m L-3 
p, = fluid density, m (oes 


@ = external hydrostatic pressure, m L-1 t -2 

= porosity 

@ = angular frequency, 

= angular frequency = 
p 


kp ppc - pr 
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DISCUSSION 


V. S. TUMAN 
MEMBER AIME 


Geertsma’s analytical work is very interesting, 
but we wonder if the idealized average stress 0 
that he has used in his study can be justified for 
the wellbore conditions. 

As he has mentioned, there will be stress relief 
at the wellbore, but these will appear in the shales 
as well as in the porous formations. Abnormal or 
residual stresses, not related to the overburden 
pressure, exists in the folded formations and in 
the vicinity of salt plugs. The temperature gradient 
between the wellbore and formation, due to mud 
circulation, will impose another set of stresses 
not related to the overburden pressure. 
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In permeable beds, a hydrostatic pressure gradient 
of several hundred pounds will also exist between 
the mud column and the formation fluid. Therefore, 
a ‘‘yariable effective stress’’ exists, which in- 
creases radially from the wellbore. 

In such circumstances, due to the stress envelope, 
sonic beams entering the formation with angles 
smaller than the critical angle are continuously 
refracted; following a curved path, they finally 
arrive back at the wellbore. 

Such beams with a curved path, with some specific 
assumptions, arrive at the wellbore before the 
refracted beams with critical angle. The beams 
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with the curved path are affected by the vertical 
and horizontal effective stresses. Since the 
horizontal stresses differ considerably from the 
vertical stresses, we wonder if an average stress 


OD 
can be applied under the wellbore 
conditions. 


According to Topping,* for a semi-infinite elastic 
solid where lateral deformations have been pre- 
vented, the radial stress relief is given as 


a2 V a2 


where 

a = radius of the well, 

pf = mud density, 

p = bulk density of formation, 

z = depth of the formation, 

v = Poisson’s ratio, and 

r = radial distance from the wellbore. 
Notice that at the equilibrium condition the hor- 


izontal stress is given by 9, == when v = 0.25, or 


* Topping, A. D. and Miles, A. J.: ‘*Stresses Around a Deep 
Well’’, Trans., AIME (1949) Vol. 179, 186. 


the radial stress in one-third of the vertical stress. 

The velocity of sonic propagation is probably 
a function of the effective stress in the direction 
of propagation. This we believe is illustrated by 
two experiments performed by Wyllie, et al (Figs. 

Wyllie and co-workers observed that, when a cir- 
cumferential pressure was applied to the sample, 
the velocity of sonic propagation along the axis 
was less than when similar pressure was applied 
hydrostatically, or along the axis only. However, 
Wyllie offers a different explanation. 

Since the Topping relation is purely theoretical, 
some further experiments along the lines of those 
performed by Wyllie and his colleagues would be 
extremely useful. 

With this question in mind, we wonder if one 
should solve the differential equation of the wave 
propagation in terms of bulk compressibility, or 
whether it should be confined to the effective 
strains in the direction of propagation. We are 
inclined to think that the latter choice is more 
desirable. 


** Wyllie, M. R. J., et al: ‘An Experimental Investigation of 
Factors Affecting Elastic Wave Velocities in Porous Media’’, 
Geophysics (1958) Vol. 23, 459, 


AUTHORS REPLY TO, 


Under field conditions in not too shallow inter- 
vals, laboratory tests indicate that the speed of 
propagation of plane dilatational elastic waves is 
indeed a function of the effective stress in the 
direction of propagation only. This is another con- 
sequence of the nonlinear elastic behavior of porous 
sedimentary rocks. These rocks, even when isotropic 
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in the unstressed state, become anisotropic under 
nonuniform stress conditions. 


Some years ago, Wyllie, et al,** reported some 
comparative measurements of ultrasonic elastic- 
wave velocities under various stress conditions, 
i.e., uniform, axial and circumferential pressure 
exerted on a jacketed cylindrical sandstone sample. 
Such measurements are required for translating 
laboratory experiments under, say, uniform pressure 
into data pertaining to field conditions. Wyllie 
reported results for extreme stress conditions, the 
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case of axial stress without circumferential stress 
and the effect of circumferential stress without any 
axial stress. 

To study the effect of nonuniform stress on elastic 
wave velocity in more detail, we performed a series 
of experiments with jacketed samples in a triaxial 
loading apparatus. Both axial and circumferential 
pressures could be varied systematically. The wave 
velocity was always measured in the axial direction. 
Results obtained on two sandstone samples — a 
Mainzer outcrop sample of 18 per cent porosity and 
a Sahara reservoir core sample of 8 per cent porosity 
— are shown in Figs. D-1 and D-2, respectively. 
Families of curves showing ultrasonic wave velocity 
vs radial stress are shown for various axial stresses. 
The curves for uniform pressure (0gx = Oqq), Con- 
structed by connecting points of equal axial and cir- 
cumferential pressure are also shown. Raising the 
circumferential pressure above the axial pressure 
does not harm the samples. If the circumferential 
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pressure is reduced considerably below the axial 
pressure, however, the sample may be crushed, and 
we stayed within safe limits in exerting this latter 
type of loading. Our results are more comprehensive 
than the curves reported by Wyllie, et al. Above 
100 atm, the radial stress has no influence at all 
on the wave velocity. This follows from the fact 
that all experimental points for o,, > 100 atm are 
on horizontal lines. 

For lower axial loadings, the circumferential 
stress influences the axial wave velocity to some 
extent. This effect is larger for the Mainzer sand- 
stone than for the Sahara core. In practice, these 
results show that, as far as the acoustic log is 
concerned, it is primarily the vertical stress that 
governs the velocity and not the mean hydrostatic 
stress. Therefore, we agree with Tuman that in a 
more refined theory we must take these anisotropic 
effects into account. However, the present paper 


was meant to outline only the basic principles. 
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Additional Thermal Data for Porous Rocks--Thermal 
Expansion and Heat of Reaction 


W. H. SOMERTON 
MEMBER AIME 
M. A. SELIM 


ABSTRACT 


Thermal expansions and heats of reaction of 
three typical sandstones were measured in the 
temperature range of 25°to 1,000°C. The significance 
of these data in subsurface heat-transfer calculations 
is discussed. 

Linear thermal expansions were measured both 
parallel and perpendicular to the bedding planes. 
Volume expansions are reported as the perpendicular 
expansion plus two times the parallel expansion. 
Expansion behavior of the sandstones was found 
to be controlled by the expansion characteristics 
of the quartz content. Differential expansion of 
the quartz grains and other minerals included in 
the sandstones caused permanent deformation of 
the heated samples after they were cooled to room 
temperature. Structural damage resulting from heat- 
ing is probably an important cause of the reduction 
of thermal conductivity of heated samples. 

Measurements of heats of reaction were based 
on the known heat required for a-B quartz inversion. 
Thermal reactions, which probably include dehy- 
droxylation of clay minerals and decomposition 
of carbonate minerals contained within the samples, 
were found to require more than one-fourth of the 
amount of heat necessary to raise the temperature 
of the rock alone. In shales and limestones, the 
reaction heat could be substantially greater than 
that required from specific heat considerations 
alone. 


INTRODUCTION 


In earlier work,1-3 methods of measuring thermal 
properties were developed and thermal data for 
several sedimentary-rock types were reported. Data 
included thermal conductivity, specific heat and 
thermal diffusivity. In addition, calculations of 
heat transfer in subsurface formations may require 
data on the thermal-expansion characteristics of 
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rock and the heats of reaction of mineral constit- 
uents. 

Thermal expansion of rocks is relatively small 
in magnitude and, from the standpoint of change 
in bulk density, has only minor effects on heat- 
transfer characteristics. Thermal-expansion be- 
havior, however, may have significant effects on 
the structure of rocks. Differential expansion of 
different minerals and along different crystal- 
lographic axes may result in structural damage which 
could effectively reduce the thermal conductivity 
of the rock. 

Many mineral constituents of sedimentary rocks 
undergo phase or related changes when heated to 
sufficiently high temperatures. Although some of 
these reactions (such as the a-f quartz inversion) 
are reversible and the heat absorbed is returned to 
the system upon cooling, many of the major reactions 
are irreversible. Through certain temperature ranges, 
the additional heat energy required to complete the 
reactions may be nearly as great as that necessary 
to raise the temperature of the rock in the absence 
of thermal reactions. If the heat requirements for 
these reactions are not considered, serious errors 
in heat-transfer calculations may result. 

Thermal-expansion and thermal-reaction data 
have been obtained for three typical sandstones. 
Methods of measurement and results obtained are 
reported and discussed in the following. 


THERMAL EXPANSION OF SANDSTONES 


The linear expansions of three outcrop sandstones 
(Bandera, Berea and Boise) have been measured 
in the temperature range of 25° to 1,000° C. Expan- 
sion measurements were made in the directions 
parallel and perpendicular to the bedding. 

The differential expansion apparatus used is 
that described by Mitoff and Pask.4 The test sample 
is heated in an electric furnace with a temperature 
rise of 6°C/minute. The lengthening of the samples 
upon heating is compared with the small and known 
expansion of a fused silicarod. The change in length 
is transmitted to an X-Y recorder by means of a 
Statham transducer. A maximum error of + 1.5 
per cent has been obtained with this apparatus 
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for materials of known linear expansion. Upon 
reaching maximum temperature, the sample is 
cooled at approximately the same rate and the con- 
traction is recorded. The final length of the sample 
is measured to test the reliability of the final 
recorded value. 

The linear expansions of Berea sandstone both 
parallel and perpendicular to the bedding are 
compared in Fig. 1 with the expansion of quartz 
perpendicular and parallel to C-axis.” The most 
important features of Fig. 1 are: (1) the close 
agreement between the heating curves for Berea 
sandstone and the curve for quartz perpendicular 
to the C-axis; and (2) the lack of agreement of the 
Berea heating curves with the curve for quartz 
parallel to the C-axis. Discontinuities inthe curves 
at 575°C are attributed to the a-B inversion of 
quartz. The cooling curves for Berea deviate con- 
siderably from the heating curves, the samples 
being permanently elongated at the conclusion of 
the test. 

Linear expansions of the three sandstones per- 
pendicular to the bedding are compared with the 
expansion of quartz in Fig. 2. Curves for expansion 
parallel to the bedding and cooling curves are not 
shown for Bandera and Boise because of their 
close similarity to the Berea curves. All sandstone 
samples showed permanent elongation upon cooling. 
The volume expansions shown in Fig. 3 were calcu- 
lated as the sum of the perpendicular linear expan- 
sion and two times the parallel expansion.® 

Interpretation of thermal expansion data is as 
follows. 

1. The quartz contents of the three sandstones 
ranged from about 50 per cent for Boise to 90 per 
cent for Berea, and yet the linear thermal expansions 
of the three sandstones were-nearly the same and 
about equal to that for quartz. The presence of 
quartz, probably above some minimum amount, 
appears to control the expansion behavior of sand- 
stones. 

2. Expansion of quartz in the direction perpen- 


1.8 


LINEAR EXPANSION - PERCENT 


BEREA / TO BED 
O—+—© BEREA 1 TO BED 
#+--— QUARTZ / TO C-AXIS 


0.2 +-— QUARTZ 1 TO C-AXIS4 


400 500 600 700 800 900 1000 
TEMPERATURE ~ °C 


fo) 100 300 


FIG, 1 — LINEAR EXPANSION OF BEREA SANDSTONE 
AND QUARTZ. 


250 


20 T T T T T T T T aE 
a 
Zz 
0.8 Z 
x — BEREA 1 TO BED 
WwW BOISE wow 
#-— QUARTZ / TO C-AXIS 
¥ +-— QUARTZ 1 TO C-AXIS 
4 

(6) 1 1 1 1 

(o) 100. 200 300 400 500 600 700 800 900 1000 


TEMPERATURE - °C 


FIG. 2 — LINEAR EXPANSION OF SANDSTONES PER- 
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dicular to the C-axis has a predominating effect 
on the expansion characteristics of the sandstones. 
Since the amounts of expansion of the sandstones 
in the directions parallel and perpendicular to the 
bedding were approximately the same, random 
orientation of the quartz crystals would be expected. 

3. Permanent elongation of the samples after 
cooling resulted from deformation within the sample, 
due primarily to the differential expansion of the 
quartz grains. At temperatures above that for a-B 
quartz inversion, where the coefficient of expansion 
for quartz becomes negative, the role of other 
mineral constituents becomes important in determin- 
ing expansion and deformation characteristics of 
the sandstones. 


THERMAL REACTIONS 


In measuring thermal diffusivities of rocks by 
the unsteady-state method,? anomalies were ob- 
served to occur in the differential temperature 
records. Similar to differential thermal analyses 
(DTA), these temperature anomalies may be corre- 
lated with thermal reactions which occur in certain 
of the mineral constituents. The most consistent 
reaction is the inversion of quartz from the a to 
B-phase at 573°C. The amount of heat needed to 
complete this inversion is known to be 4.825 cal- 
ories/gm.© The phase change is reversible, and an 
equivalent amount of heat is liberated upon cooling. 

Other typical thermal reactions which may occur 
are summarized in Table 1. Most of these reactions 
occur over a broad temperature range and require 
substantially larger amounts of heat than the quartz 
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TABLE 1 — HEATS OF REACTION FOR 
SEVERAL MINERALS? 


Heat of 
Temp. Range Reaction 
Mineral (Calories/gm) Reaction 


25-220 Ca-Montmorillonite 127 
25-220 Mg-Montmorillonite 135 


Desorption 
Desorption 


400-695 Mg-lllite 64 Decomposition 
455-642 Kaolinite 253 Decomposition 
554-723 Ca-Montmorillonite 67 Decomposition 

573 Quartz 4.82 a-B Inversion 
700-830 Calcium Carbonate 465 Decomposition 
790-950 Mg-lllite 15 Decomposition 
816-908 Ca-Montmorillonite 26 Decomposition 


inversion. These reactions are normally irreversible 
or are only reversible under special conditions. 
Differential temperature records for the three sand- 
stones shown in Fig. 4 demonstrate this point. 
The dashed lines show the quartz inversion starting 
at approximately 575° C, followed by several other 
temperature anomalies. The solid lines show the 
thermal behavior of the same sandstone samples 
on a repeat run. The reversible quartz reaction is 
the only important anomaly remaining. 

The purpose of the present investigation was 
to estimate the magnitude of heat required to satisfy 
the thermal reactions and to compare this with the 
heat required to raise the temperature of the rock 
excluding thermal reactions. The known heat of 
reaction for quartz inversion and the known quartz 
content of Berea sandstone were used for standard- 
ization purposes. 

The apparatus used to evaluate thermal reactions 
is the same as that described earlier for thermal 
diffusivity measurements.? In the earlier work, 
cylindrical core samples were mounted in an electric 
furnace and heated at a constant rate of temperature 
rise. At temperatures where thermal reactions were 
known to occur, temperature was held constant 
until the reaction was completed. The edge temper- 
ature of the sample and edge-to-center differential 
temperatures were measured with thermocouples 
and traced on a recorder chart. It was shown 3 that, 
for these conditions, thermal diffusivity is inversely 
proportional to the differential temperature; i.e., 


where D, is thermal diffusivity (D, = a in Refs. 1 
through 3), @ is the distance between center and 
edge thermocouples, » is the heating rate and 
AT is the temperature differential. 

In the present case, differential thermocouples 
were located at distances r/a = 1.0, 0.8, 0.6, 0.4 
and 0.2 from the center of the sample. The rate of 
temperature rise at the sample edge was maintained 
constant, and temperature differentials between the 
center of the sample and the several r/a locations 
were recorded. Fig. 5 shows the thermocouple 
responses caused by the a-B quartz inversion. 
Physically, the reaction is explained as follows. 
When the outer surface of the core reaches reaction 
temperature (573°C), part of the heat supply is 
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used to promote the reaction. The normal temperature 
gradient in the sample is disturbed and a slight 
decrease in the differential temperature is noted 
for the first thermocouple. As the reaction reaches 
and then passes the first thermocouple, a sharp 
increase in the temperature differential for this 
couple occurs. The edge temperature continues to 
increase at the constant input rate; but less heat 
reaches the unreacted portion of the sample because 
of the large amount of heat consumed by the reaction, 
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and the rise in center temperature lags. Thus, a 
sharp temperature discontinuity must exist at the 
reaction front. Similar response is noted as the 
reaction proceeds past each interior thermocouple. 
All curves show a maximum value when the reaction 
reaches the center thermocouple. The temperature 
differentials then decrease to re-establish the 
original temperature gradient in the sample. 

If the supply of heat to the system is constant, 
a heat balance may be written as 


where Cy is heat capacity, OT/ér is temperature 
gradient, Hp is heat of reaction, 5R/50 is the rate 
of movement of the reaction through the sample 
and a and # refer to the unreacted and reacted 
zones, respectively. Since the change of D, within 
the temperature range of the reaction is small, the 
assumption of constant heat supply is valid and 
Eq. 2 should apply to the present system. However, 
attempts to confirm the equation with experimental 
data from Fig. 5 failed. Many more thermocouples 
would be needed to establish reliable values of 
the temperature gradient ahead of and behind the 
reaction front, and the rate of movement of the 
reaction. 

Resort was made to an empirical method to obtain 
useful information from the experimental data. The 
method, which is used in quantitative interpretation 
of DTA data,’ involves the correlation of areas of 
the anomalies on the differential temperature-vs- 
edge temperature curves with heats of reaction. 
In Fig. 5 the areas between an estimated base line 
and the anomalies were measured for each thermo- 
couple location. These areas were then plotted 
against calculated heats of reaction for a volume 
of unit length of sandstone contained within each 
thermocouple radius and the center of the sample. 
A reasonably good straight-line relation resulted, 
as shown in Fig. 6. A value of 1 calorie/unit of 
anomaly was used in determining the heats of un- 
known reactions. 
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TABLE 2 — EXPERIMENTAL HEATS OF REACTION 


Temp. 
Range Heat of Reaction Equiv. Heat 
Sample (iS) (Calories/gm rock) (Calories/gm rock) 
Bandera 577-615 2.9 1 
615-735 Piles 
735-750 -0.9 4 
750-825 5.6 22 
825-920 7.9 27 
> 36.5 x 98 
Berea 565-600 4.3 9 
600-725 10. 34 
725-840 14. 33 
840-925 8.7 25 
> 37.0 > 101 
Boise 565-620 2.6 14 
620-725 3.9 28 
725-975 71 


In analyzing the data of Fig. 4, the only known 
reactions were the a-8 quartz inversions. Differ- 
ences in the original and reacted curves below 
573°C are due primarily to the reduction in thermal 
conductivities of the reacted samples. This is 
probably caused by the loss of free and combined 
water and structural damage of the cores by differ- 
ential thermal expansion during the initial heating 
run. Reactions above 573°C include, in addition to 
quartz inversion, dehydroxylation of clay minerals 
and decomposition of calcium carbonate. It was 
not considered practical to attempt to separate 
specific mineral reactions because the purpose of 
the work was only to evaluate the additional heat 
requirements due to thermal reactions. Breaks in 
the curves were used to establish temperature 
ranges of the important reaction zones as shown in 
Table 2. Areas between the original and reacted 
curves of Fig. 4 were measured, and heats of 
reaction were calculated from the correlation factor 
and bulk densities of the samples. 

In Table 2, the heats of reaction are shown and 
compared with the amount of heat required to raise 
the temperature of the rock without thermal re- 
actions. The reaction heat is 27 per cent of the 
total heat requirements for both Bandera and Berea 
sandstones. A similar analysis was not made for 
Boise sandstone because of the difficulty of ex- 
plaining the large thermal reaction above 725°C. 
This same behavior persisted in tests on several 
other samples of Boise. 


SUMMARY AND APPLICATIONS 


The results of these tests, made at atmospheric 
pressure on oven-dried sandstone samples, typify 
behavior at just one set of limiting conditions. 
Before such data can be applied directly to sub- 
surface calculations, the effects of a wider range 
of conditions relating liquid saturation and over- 
burden pressure needed to be investigated. 

Differential thermal expansion of the mineral 
constituents of rocks will undoubtedly lead to 
structural damage under subsurface heating con- 
ditions. The magnitudes of effects on mechanical 
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and flow properties are unknown, but these currently 
are being investigated in this laboratory. It is 
possible that cores taken from high-temperature 
reservoirs may be altered by cooling as well as 
by the release of overburden and pore pressure. 

Thermal reactions involving the release of ad- 
sorbed and combined water and the liberation of 
such gases as carbon dioxide will be different 
under subsurface conditions of liquid saturation 
and pressure than the same reactions observed on 
oven-dried cores at atmospheric pressure. Tem- 
peratures of reaction will be higher and the heats 
of reaction may be different. Brindley and Nakahira® 
report that the starting temperature of the endother- 
mic kaolinite reaction is raised by 100°C under a 
water-vapor pressure of 6 atm. Further laboratory 
investigation will be necessary to evaluate these 
effects. 


NOMENCLATURE 
D, = thermal diffusivity (= ain Refs. 1 through 3) 


a = distance between center and edge thermo- 


couples 
bh = heating rate 
AT = temperature differential 
r = radius of core sample 
C, = heat capacity 
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Ole 

ames temperature gradient 

Hp = heat of reaction 

OR 

90 = rate of reaction movement through the sample 
6 = time 


DB 


unreacted and reacted zones, respectively 
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Three-Phase Imbibition Relative Permeability 
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ABSTRACT 

An equation for three-phase (water, oil, gas) 
imbibition oil permeability is developed, assuming 
the water to be the dominant wetting fluid. Oil 
isoperms are obtained for consolidated sandstones 
characterized by 1/P,* = CS*. The evolution of an 
oil-gas system imbibing water fromS,,; imb max 
is shown to proceed along a line of constant oil 
saturation with increasing oil permeability and 
decreasing gas saturation. When the gas saturation 
cannot be reduced further, the system evolves along 
a line of constant S, with decreasing oil saturation 
and permeability. The initial gas saturation is shown 
to reduce markedly the effect of complete wetting 
by either oil or water on flow performance. 


INTRODUCTION 


Imbibition oil isoperms are required for per- 
formance prediction when a well is producing water, 
oil and gas. This situation occurs in multiphase 
displacements such as underground combustion, 
steam injection and the water flooding of highly 
depleted reservoirs. 

In a recent paper,! a model was presented for the 
prediction of two-phase imbibition characteristics. 
This paper extends the imbibition model to the case 
of three phases by assuming that the water is the 
dominant wetting fluid. 

The following results were obtained from the 
model: (1) an analytical expression of oil isoperms; 
(2) oil isoperms as functions of reduced water, oil and 
gas saturations, valid for all sandstones having a 
capillary pressure curve which can be approximated 
by WP & 2 = CS*; and (3) evaluation of the three- 
phase few performance as dictated by complete 
wetting by either oil or water. 

The agreement between predicted and observed 
oil recovery in the presence of a gas phase, reported 
in Ref. 1, is a partial support for the present develop- 
ment. However, experimental data are not available 
at this time to check fully the model predictions. 
Perhaps this paper will stimulate the collection of 
such data. 
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THEORETICAL 


The imbibition model of a porous medium has 
been described previously, and the reader is referred 
to the paper of Naar and Henderson! for details. 
In brief, the model is formed by the random inter- 
connection of straight capillaries, with a provision 
for the blocking of the non-wetting phase by the 
invading wetting fluid. 

The following expressions were derived from the 
model. 

1. The amount of oil blocked by the invading water 


l-a@ 


where a@ is defined by 


is 


Sop = (i- 


2. The imbibition relative permeability to the 
wetting phase is 


/mb 


“55 
me 


imb 


(18) 


The permeability k is written 


3. Imbibition relative permeability to the nonwet- 
ting phase — for the nonwetting fluid during an 
imbibition process, the relative permeability at a 
given wetting-phase saturation Siv,imb is equal to 
the drainage relative permeability at a saturation 
S*v,drain defined by the relationship 


* 
Sw, ~ Sw, drain” Sw, drain 
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THREE-PHASE IMBIBITION 
RELATIVE PERMEABILITY 


Relative Permeability to Water 


If oil and gas are considered equivalent to a single 
nonwetting phase, the system can be treated as 
having only two phases; the relative permeability 
to water is then equal to the wetting-phase perme- 
ability during drainage. If only the capillary pres- 
sure curve is known, the relative permeability to 
water can be computed from Eq. 18. 


Relative Permeability to Gas 


To compute the relative permeability to gas, the 
system may again be treated as a two-phase system 
with water and oil forming the single wetting phase. 
The permeability to gas is then computed as explained 


Relative Permeability to Oil 


The permeability to oil is more complex to com- 
pute. The mechanics of the displacement are de- 
scribed as follows and the analytical details are 
given in the Appendix. 

When the water invades the porous medium and 
occupies the pores of radius r which were initially 
full of oil, part of the oil in this size class of pores 
is blocked and the rest invades pores full of gas. 
In turn, part of the gas phase is blocked and the 
remainder is pushed out. The effects of these move- 
ments are twofold. 

1. Because a certain volume of oil is trapped, the 
oil permeability tends to decrease. 

2. Because a certain volume of oil moves from 
small pores into larger ones, the permeability tends 
to increase. 

The relative permeability to oil, therefore, is a 
balance between these two tendencies, and it is 
possible to observe an increase in oil permeability 
at constant oil saturation. 

After the oil invades all the size classes of gas- 
filled pores, the oil saturation and the oil relative 
permeability decrease when the water saturation 
increases. 

The permeability to oil at any stage of the imbi- 
bition process is computed by assuming that the 
oil phase is wetting with respect to the gas. The 
water saturation plus the blocked oil saturation 
form a fictitious, irreducible wetting-phase satura- 
tion. 

For consolidated sandstones having a capillary 
pressure curve approximated by the equation wae = 
CS*, kyo, imb 1S given by 


3 * 


ro, 4m 


where SG, and are defined by 


207 
of Swi 
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and 


Oilisoperms for consolidated sandstones are shown 
on a trilinear plot in Fig. 1 as functions of the 
reduced water, oil and gas saturations. The dis- 
placement mechanism proposed indicates that at 
the beginning of the imbibition process the water 
saturation S*, will increase at the expense of the 
gas saturation at constant oil saturation until no 
more gas is trapped. At this point the water satura- 
tion will increase at the expense of the oil satura- 
tion at constant gas saturation. In a trilinear dia- 
gram, therefore, the path describing the evolution 
of an oil-gas system is formed by two straight lines. 
By following the dotted lines from a point on the 
S*,, = 0 axis to the locus of the intersection of 
these lines, the history of any element during imbibi- 
tion may be traced. 


LIMITS OF WATER-OIL BEHAVIOR 
DICTATED BY WETTABILITY 


The influence of wetting on oil-water flow behavior 
has been examined in Ref. 1. The geometry of the 
porous medium, represented by S,,;, was shown to 
be important in assessing this influence. When gas 
is present as the third phase, the model and the 
assumed imbibition mechanism teach the following. 

1. The total oil recovery* will exceed the 50 per 
cent limit of the two-phase system and is given by 


2. For equal values of the oil recovery, the 
value of k,/k,, is not a function of S,,; but is a 
function of the wettability and of the initial gas 
saturation. This dependence is shown in Fig. 3 
where (k,/k,,) water-wet/(k,/k,,) oil-wet is plotted 


* See Eq. 7 of Ref. 1. 
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FIG. 1 — THREE-PHASE IMBIBITION. 
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vs Sg; for Ny /N = .40. This ratio decreases rapidly 
when S,; increases. From the standpoint of oil re- 
covery and flowing water-oil ratic, the higher the 
initial gas saturation, the less significant the wet- 
tability of the medium becomes. The values of 
ko/k » for an oil-wet medium and for increasing 
water saturation were computed from Eqs. 23 and 
24 of Ref. 1. The water isoperms for that case are 
shown in Fig. 2. 

3. The water saturation at a given recovery is a 
function of S,,; and the initial gas saturation. This 
can be seen in Fig. 3 where (S,, ) water-wet/(S,,) oil- 
wet is plotted against S,; for S,,; = .15 and S,,; 
.30. This ratio increases with S,; and its rate of 
increase is an imcreasing function of S,,;- The 
physical significance of this increase is immediately 
evident — water must be imbibed in sufficient 
quantity to displace the gas phase before the oil 
phase can be expelled. 

The proposed displacement mechanism applies 
to a small elemental volume (AV) of porous rock. 
The gross production behavior then can have the 
appearance of an initial gas production followed by 
an oil bank. This type of apparent behavior was 
observed by Kyte, et al. 

The observation that, during imbibition, the gas 
phase is produced first was also made in this 
laboratory. We are indebted to J. J. Taber for the 
curves of Fig. 4 which show the imbibition history 
of a Berea core. The agreement between observed 
and predicted final gas and oil recoveries reported 
in Ref. 1 further supports this theory. It is also 
felt that, while experimental oil isoperms are not 
available at this time, the success of the predictions 
of relative permeability and oil recovery in two-phase 
flow are strong points in favor of the present develop- 
ment. 


CONCLUSIONS 


A mechanism to describe three-phase water 
imbibition has been proposed and applied to a 
theoretical model of a consolidated porous medium. 
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A formula has been derived for the imbibition oil 
permeability and has been used to compute oil iso- 
perms for consolidated sandstones. 

The gas phase has been shown to decrease the 
influence of wettability and to be important in 
determining the amount of water required to effect 
a given oil recovery. 


NOMENCLATURE 


C = constant 
P. = capillary pressure 

S = saturation 

N = total pore volume 

N, = pore volume produced 


a = ratio of the pore volume full of nonwetting 
fluid to the total pore volume 


k = permeability 
r = pore radius 
® = porosity 
y = interfacial tension 
SUBSCRIPTS 
drain = drainage 
imb = imbibition 
= gas 
o = oil 
ob = oil blocked 
of = oil flowing 
r = relative 
w = water 
wt = water irreducible 
fw = fictitious water irreducible 


SUPERSCRIPTS 
* indicates a reduced value of saturation or 
porosity; i.e., (see 
Appendix) 
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APPENDIX 
The fictitious, irreducible wetting saturation S, (6) 
which is needed to compute oil isoperms requires 1-Sy/ 
the definition of new symbols to avoid confusion. 
The final results, however, are expressed in terms Sy 
of the reduced saturations $4, S*, and S*,. The S ae (7) 


new symbols are the following. 
1. Oil blocked by the invading water, 


Swi 
Sop = (I- Sy; WA xdx 
2. Oil saturation free to move, 


3. Fictitious, irreducible water saturation, 
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5. Reduced saturations (with respect to Stw)s 


- Sty 
%% of 
Sor (9) 


From Eqs. 7 and 8 and from Eqs. 7 and 9, the 
following relationships are obtained between S* and 
S**, S$, and . 
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Shy 
s* 
of 
In addition, S$, is given by 
"2 


COMPUTATION OF THE OIL PERMEABILITY 


Consider the medium at irreducible water satura- 
tion S,,;, oil saturation S, and gas saturation S 
and let the water invade the medium to reach the 
value S,,. A part of the oil is blocked by the water, 
(Sp); however, the gas phase is unable to dis- 
tinguish between the water phase and the blocked 
oil. Only the oil free to flow contributes to the 
oil permeability; for all practical purposes, the 
water and the trapped oil can be considered as 
immobile and equivalent to a fictitious, irreducible 
wetting-phase saturation. The permeability to oil, 
therefore, will be that of a medium having an irre- 
ducible wetting-phase saturation equal to S,, + So, 
and a wetting-phase saturation free to flow equal 
to Sg — Sop. It is equal to 


3 
2 * 
O = 


(See Ref. 1, Eq. 30.) The relative permeability to 


oil is obtained by dividing k, ;m, by &, which is 
given by 


* 
p2 
c 
Then kyo, imb iS written, 


kro, imb * x Sos 


15) 


Oil isoperms can be calculated from Eq. 15 for any 
consolidated porous rock. 

For consolidated sandstones, the capillary pres- 
sure curve can be fitted by 


F, 


Replacing in Eq. 15 and integrating gives 


* 


3 


ro, /mb 


At the beginning of an imbibition process, Siw = 9, 
Sop = Oand kyo, mb =S*4.. This value is in agree- 
ment with the results of Wyllie and Gardner (Eq. 
* 
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Correlation of Surface and Interfacial Tension of Light 
Hydrocarbons in the Critical Region 


E. W. HOUGH* 
MEMBER AIME 

G. L. STEGEMEIER 
JUNIOR MEMBER AIME 


ABSTRACT 


Empirical equations for surface tension of propane 
and normal butane as functions of reduced temper- 
ature are obtained from experimental data. Another 
correlation relating surface tension to enthalpy of 
vaporization is given for these two compounds. In 
addition, new parachor numbers are calculated for 
the normal paraffin hydrocarbons. These numbers 
are utilized for the calculation of interfacial tension 
of two-component systems as functions of pressure 
and temperature, using a modified form of Weinaug- 
Katz equation. The experimental data for two binary 
systems are approximated by the correlation. From 
these results it is found that the interfacial tension 
in the high-pressure region remains extremely low 
at large pressure decrements below the critical 
pressure. Thus, it appears that condensate systems 
may have flow characteristics almost like single- 
phase conditions even though the pressure is within 
the two-phase region. 

Experimental data have shown that interfacial 
tension divided by density difference approaches 
zero as the critical pressure is approached. A 
calculation of wetting-phase saturations indicates 
that the saturation gradient at the two-phase contact 
becomes increasingly abrupt as the critical pressure 
is approached. 


DISCUSSION 


Prediction of the surface and interfacial tension 
of the light hydrocarbons and of two-component 
hydrocarbon mixtures at various temperatures and 
pressures may be made if other physical properties 
are known. Extensive experimental work on single- 
component and binary systems! is the basis for 
the correlations outlined in this paper. 
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Interfacial tension is defined as the specific 
surface-free energy between two phases of unlike 
fractional composition, while surface tension is 
defined as the specific surface-free energy between 
two phases of the same fractional composition. The 
usual definitions relating interfacial tension to a 
liquid-liquid interface and surface tension to a 
gas-liquid interface are not clearly defined when 
the critical region is included, and there is no sharp 
distinction between a gas and a liquid phase. 

Interfacial tension is probably the most important 
single force that makes one-half to one-third of the 
total oil actually in place in a reservoir rock un- 
recoverable by conventional gas-drive or waterflood 
methods. A rough estimate of this figure for the 
United States is 100 billion bbl. Interfacial tension 
presently is used by petroleum engineers in the 
estimation of saturation gradients at the gas-oil 
contact and at the oil-water contact. The data in 
this paper should prove useful for estimates of 
reserves involving gas-oil contacts. Relative per- 
meability undoubtedly is influenced by interfacial 
tension, for sufficiently small values. These data 
should be useful in determining how small the 
values are. In addition, these data should eventually 
add to our fundamental knowledge of surfaces. At 
the critical point, all surface excesses approach 
zero and the thickness becomes very large. 


SINGLE-COMPONENT SYSTEMS 


It has been observed! that the following relation- 
ships are good approximations to the physical 
properties of propane and n-butane. 


For propane, Ap = 0.80 y = 49.5 
(1~T/T,)1-20, y/Ap = 61.9 (1-T/T,)9-874, and 
y = 112.5 Ap3-68, 

For n-butane, Ap = 0.86 (1—T/T,)9:333,y = 52.5 
y = 91.2 Ap3-66, 

Guggenheim’s* values for these constants, not 
specifically for hydrocarbons, are Ap = C’ (1- 
T/T .)8/9, and y = CAp11/3, 
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The symbols and units are 
Ap = difference in density of the liquid 
and vapor phases, gm/cc, 


y = surface tension, dynes/cm, 
T = absolute temperature, °R or °K, 
Te = critical temperature (absolute), °R 


or °K, and 
Constants, 

The exponents for propane and n-butane are taken 
from log-log plots. The last equation may be recog- 
nized as the surface tension-density difference re- 
lationship leading to Sugden’s parachor,? with the 
exponent ‘'3/11’’ rather than ‘‘1/4’’. That is, 


Ap 


where P = parachor, and 
M =molecular weight. 

From this modified equation, new values of 
parachor were calculated for some of the normal 
paraffin hydrocarbons. Surface-tension and density- 
difference data for methane, ethane, n-decane and 
n-eicosane were taken from Rossini, for n-pentane 
from Sage and LaceyS and from Katz,6 and for pro- 
pane and n-butane from Sage and Lacey and from 
experimental work1 The values are shown in Table 
1. Because the parachor is (ideally) independent 
of temperature, the values of surface tension and 
density difference were selected at the temperature 
at which the best data were obtainable or at the 
temperature at which the vapor density is negligible 
if this latter data were not available. Fig. 1 shows 
a regular increase in the parachor with an increase 
in molecular size from 3 to 20 carbon atoms. Methane 


TABLE 1— PARACHOR OF 
NORMAL PARAFFIN HYDROCARBONS 


Density Surf. or 
Carbon Temp. Diff. Intf. Tens. 

Compound Atoms (SE) (gm/cc) (dynes/cm) Parachor 
Methane 1 -256 0.4218 13.7% 77.9 
Propane 3 100 0.443 § 5.47 158.1 

2158 
n-Butane 4 120 0.5325 9.27 200.5 

9.20 200 
n-Pentane 5 100 0.6035 14.0% 246 
n-Decane 10 68 0.730R 23,92R 463 
n-Eicosane 20 100 0.7754 899 


R=Rossini (Ref. 4); S=Sage and Lacey (Ref. 5); and K=Katz 
(Ref. 6). 


TABLE 2 — ENTHALPY OF VAPORIZATION AT 
CONSTANT PRESSURE — PROPANE 


Enthalpy of 
Temperature Vaporization* Surface Tension** 
(calories/gm-mol) (dynes/cm) 
100 3271 5.48 
130 2878 3.66 
160 2366 1.97 
190 1660 0.58 


*Sage and Lacey (Ref. 5). 


**Current paper. 
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and ethane appear to diverge slightly from this 
pattern. Some of this divergence is probably caused 
by the measurement of surface tension against air 
rather than its own vapor, and by the neglect of the 
vapor density. 

A correlation suggested by Magaril7 relates the 
enthalpy of vaporization at constant pressure to the 
surface tension. Tables 2 and 3 and Figs. 2 and 3 
express this relation for propane and for n-butane. 
The straight-line relationship on log-log paper 
appears to deviate slightly as the critical point is 
approached. 


TWO-COMPONENT SYSTEMS 


Prediction of interfacial tension in two-component 
systems is much more difficult than in the single- 
component systems because of the added composition 
variable, The correlation suggested by Weinaug and 
Katz8 has been used with the new exponent and 
slightly modified for use with molal volumes rather 
than specific gravity. The relation is 


1 
y [P, ¥1/Vy) 
k 
where y = interfacial tension, dynes/cm, 


P, = parachor of the first component, 
Py = parachor of the second component, 
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TABLE 3 — ENTHALPY OF VAPORIZATION AT 
CONSTANT PRESSURE — NORMAL BUTANE 


Enthalpy of 


Temperature Vaporization* Surface Tension** 
2 (calories/gm-mol) (dynes/cm) 
100 4816 10.49 
130 4566 8.67 
160 4266 6.88 
190 3912 5.14 
220 3498 3.48 
250 2980 2.02 
280 2307 0.80 


*Sage and Lacey (Ref. 5). 
**Current paper. 


X41, x2 = mol fraction in the liquid phase, 

¥1, ¥2 = mol fraction in the vapor phase, 

Ves Vy = molal volume, cu ft/lb mol, and 

k = new exponent of the parachor relation 
= 11/3. 

The modified values of the parachor together 
with the new exponent are used in this equation 
to predict values of interfacial tension determined 
experimentally! on the methane-normal pentane 
system and on the methane-normal decane system. 
These experimental data are summarized on the 
pressure-temperature plots in Figs. 4 and 5. The 
boundaries of this region are the vapor-pressure 
curves for the pure components and the line of 
critical loci of the various intermediate mixtures. 
Superposed on these diagrams are the lines of con- 
stant interfacial tension. The known data for these 
iso-interfacial tension lines are the surface-tension 
data of the pure compounds and the experimental 
data by the authors, which include a very limited 
range in comparison to the complete two-phase 
region. Since the properties of the liquid and the 
gas at the critical point are identical, the line of 
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critical loci is also the line of zero interfacial 
tension; hence, the subsequent iso-interfacial 
tension lines must roughly parallel this boundary. 
These data and assumptions allow extrapolation 
and interpolation to all points within the two-phase 
region. It is evident from these plots that the inter- 
facial tension of a binary mixture in the temperature 
range in which the critical pressure is high increases 
much more slowly with a decrease in pressure than 
either of the pure components. In the case of the 
methane-normal pentane system, a pressure drop 
of 450 psi from the critical pressure is required 
at 100°F before the interfacial tension reaches 1 
dyne/cm. The same increase for the pure components 
occurs with a pressure drop of about 120 psi. In 
the methane-normal decane system the effect is 
even more pronounced, the pressure drop at 100°F 
being 1,040 psi for a comparable increase in inter- 
facial tension. These facts suggest that interfacial 
forces may be negligible, as far as flow conditions 
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are concerned, for a condensate reservoir for an 
appreciable portion of the two-phase region. 

Prediction of these experimental results from the 
modified equation of Weinaug and Katz was attempted 
with the PVT data of Sage and Lacey. A summary 
of these calculations is given in Table 4. 

The equation for binary systems may be generalized 
to multicomponents systems as follows. 


sah (2 =| 


x y 
(Ky Wn 11/3 


This calculation requires a knowledge of the 
composition of both phases and the molal volume 
ot density of each phase. In the absence of density 
data, reduced temperature calculations may be used 
aS an approximation to the density. The parachor 
numbers for each compound of the normal paraffin 
hydrocarbons from methane to n-eicosane are shown 
in Fig. I’, 


SURFACE EXCESS 


Excess concentration of methane at the liquid 
surface for the two-component systems may be ap- 
proximated from the equation given by Rice.? 


= -pn 


where I} = excess of methane in the surface, mol/ 
sq cm, 


density of methane, mol/cc, 
pressure, dynes/sq cm, and 


PN 
T = temperature, °R or °K. 


It must be noted that this equation was derived 
with the assumption of a zero surface excess of the 
other (heavier) component. 

Calculation of surface excess from experimental 


TABLE 4 — INTERFACIAL TENSION CORRELATION 
(Weinaug and Katz®) 


Interfacial Tension 


Temperature Pressure (dynes/cm) 

Components (SE) (psia) Exper. Calc. 
Methane and 100 600 9.02 9.30 
n-Pentane 1250 4.59 4.78 
1750 2.01 2.09 
2250 0.27 0.21 
220 600 4.62* 5.02 
1250 1.98* 
2000 0.07* 0.05 
340 800 0.37* 0.37 

Methane and 100 1250 11.3 11.8 
n-Decane 2000 7.35 7.02 
3500 2.40 1.84 
5000 0.16 0.09 
280 1000 9.30 
3000 2.31* 2.32 
4500 0.06* 0.02 
460 1000 anc 3.95 
2750 0.3* 0.10 


*Extrapolated 
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values is obtained by using the slope of isotherms of 
interfacial tension plotted against pressure for both 
two-component systems. If pressure is expressed 
in pounds per square inch, interfacial tension in 
dynes per centimeter and specific volume in cubic 
feet per pound-mole, a conversion factor must be 
used in the modified equation. 


For example, methane-normal pentane at 100°F 
and 1,500 psia, 
V4 
Dy 
Results of surface-excess calculations are given 
in Tables 5 and 6. As the pressure approaches 
zero, the value of the density term in the surface- 
excess equation approaches zero and the isothermal 
change in interfacial tension with pressure remains 
finite; hence, the surface excess as the pressure 
approaches zero also approaches zero. See Figs. 6 
and 7. As the pressure approaches the critical point 
of the mixture, the density of methane remains finite; 
but, according to experimental results, the change 
in interfacial tension with pressure approaches 
zero. Therefore, the surface excess again approaches 
zero as the critical pressure is approached. For 
intermediate values of pressure, the density term 
is positive and the slope was found to be negative; 
hence, the surface excess is positive between zero 
and the critical pressure, and has at least one 


—0.00506 


dynes/cm 
si 


? 


3.50 cu ft/lb mol (methane), and 
2.03 x 1014 mol methane/sq cm. 


TABLE 5 — SURFACE EXCESS OF METHANE IN THE 
METHANE-NORMAL PENTANE SYSTEM 
(MOLECULES x 107!'4/sQ CM) 


Temperature (° F) 
(psia) 150_ 160_ 170 200_ 
2250 1.38 0.72 0.57 0.42 - 
2000 1.90 1.34 1.25 
1750 2.09 1.53 1.40 1.36 0.99 
1500 2.03 1.50 1.40 1.33 1.03 
1250 1.92 1.46 1.35 1.27 0.98 
1000 1.66 1.26 1.16 1.08 0.90 
800 1.40 1.07 0.98 0.93 0.76 
600 1.17 0.82 0.78 0.74 0.60 


TABLE 6 — SURFACE EXCESS OF METHANE, 
METHANE-NORMAL DECANE (MOLECULES x 10-!4/sQ CM) 


Temperature 

_(psia) J00_ 130 160° 
5000 0.98 0.86 0.69 
4500 1.42 1.39 1.33 
4000 1.74 1.56 1.57 
3500 2.03 1.93 1.83 
3000 2.34 2.21 2.12 
2750 2.45 2.38 2.20 
2500 2.54 2.41 2.22 
2250 2.54 2.30 2.13 
2000 2.44 2.12 1.96 
1750 2.29 2.04 1.88 
1500 2.00 1.79 1.67 
1250 1.66 1.50 1.40 
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maximum point at some intermediate pressure. 

The occurrence of a maximum, followed by decreas- 
ing values of surface excess, is attributed to the 
increased value of the surface excess of the heavier 
component. This value is probably small in the 
low-pressure region, but it becomes large as the 
pressure becomes large. Thus, it is reasonable to 
assume that the decrease in the ‘‘surface excess”’, 
as calculated, is the result of the surface excess 
of the heavier component’s becoming significantly 
large. The maximum value of the calculated surface 
excess of the methane-normal pentane system (or the 
methane-normal decane system) might be associated 
with the attainment of a monolayer of methane on a 
solid surface, since extrapolation of these values 
for the various isotherms gives fairly good agree- 
ment of values of surface density!9 of a monolayer 
of methane on a solid surface at —297°F. 

It appears that surface excess might be useful 
as a correlating device for interfacial tension, since 
its values appear to be much more constant for the 
various systems than interfacial tension itself. For 
instance, a plot of surface excess divided by density 
difference appears to give nearly a straight line 
when plotted against pressure and might possibly 
yield a finite value at the critical pressure, although 
in the case of the methane-normal pentane system 
the value appeared to approach zero very near the 
critical point. 

Experimental datal have shown that not only the 
interfacial tension, but also the interfacial tension 
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divided by density difference approaches zero as 
the critical point is approached. The significance 
of the latter is emphasized by a calculation of 
wetting-phase saturation of porous media from inter- 
facial-tension data. Plotting saturation gradient 
vs height, one obtains a very sharp gas-liquid 
contact as the critical point is approached! This 
sharp liquid-gas saturation gradient may be a con- 
tributing factor to the nonequilibrium conditions 
found in oil reservoirs by Cupps, Lipstate and Fry.!1 


SUMMARY 


A considerable amount of data has been accumu- 
lated on the surface tension of propane and normal 
butane, especially near their critical temperatures. 
In addition, the binary systems — methane-normal 
pentane and methane-normal decane — have been 
investigated throughout a wide pressure and temper- 
ature range, particularly in the region near the 
critical points. All these data point to the regularity 
of the pressure and temperature functions of surface 
and interfacial tension. Of most interest in the 
data, however, is the persistence of low interfacial 
tensions with relatively large changes in pressure 
inthe region about the critical points. The importance 
of this fact to the petroleum engineer lies in its 
relationship to liquid saturations and flow behavior 
in an oil reservoir. 

A means of predicting interfacial tension for 
hydrocarbon mixtures from composition and volumetric 
data appears to fit experimental results very well. 
Other correlating devices such as reduced temper- 
ature relations, enthalpy of vaporization relations, 
and surface-excess calculations give promise of 
relating the surface phenomena to better known 
physical phenomena. 
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An Approximate Method for Computing Nonsteady- 
State Flow of Gases in Porous Media 


L. G. JONES 
JUNIOR MEMBER AIME 


ABSTRACT 


An approximate method of calculation is developed 
in this paper which allows duplication of radial 
unsteady-state gas flow computer results where 
Darcy’s law applies, such as those reported by 
Aronofsky and Jenkins and Bruce, Peaceman, 
Rachford, and Rice. Moreover, the new calculation 
method can be used to obtain results for radial 
unsteady-state gas flow obeying the quadratic flow 
law proposed by Duwez and Green. 

Means are discussed for predicting well behavior 
at single or superimposed flow rates in finite or 
infinite reservoirs, determining reservoir rock prop- 
erties from well-test data, reproducing and inter- 
preting back-pressure test data, and determining 
the radial extent and reserves of gas reservoirs 
from well-test data. Example calculations are 
presented for gas flow following both Darcy’s law 
and the quadratic flow law. 


INTRODUCTION 


Since the publishing of U. S. Bureau of Mines 
Monograph 7,1 most gas-well testing methods have 
been based on the equation q = y 
where g = production rate, py and p,, are formation 
pressure and sandface pressure, respectively, and 
y and a are constants to be obtained from test data. 
These methods, used for predicting both deliverability 
and ‘‘open-flow’’ capacity of gas wells, have been 
useful and accurate in many cases but unsatisfactory 
in others. Even at best, however, they do not supply 
information about the formation or lead to an under- 
standing of nonsteady-state gas flow in porous 
media. 

Many theoretically based studies2-4 of gas flow 
obeying Darcy’s law have been made.* Since the 
partial differential equations which result from 
combining Darcy’s flow law with the continuity 
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equation are nonlinear, most of the published research 
consists of either numerical solutions or analytical 
solutions for linear approximating equations. Such 
solutions have been of limited value in field work 
due to their unhandy form and their failure to correlate 
most field data. 

There is evidence5,6 which indicates that Darcy’s 
law is inadequate to describe gas flow at some flow 
rates of practical interest. A quadratic flow law, 
which reduces to Darcy’s law at low rates, is more 
successful in accounting for experimentally observed 
behavior. This flow law has been applied success- 
fully to a few hypothetical reservoir cases in work 
which has recently been published.!9 However, these 
numerical solutions of the equations involved have 
been successful only on a special analog computer. 
Routine applications to field cases would be awkward 
and have not been attempted. 

The present paper describes an approximate 
method for computing nonsteady-state gas flow 
solutions which has been completely successful 
in predicting the results for both Darcy flow and 
quadratic flow obtained by elaborate numerical 
methods. The new calculation method allows deter- 
mination of the observable variables in gas-well 
testing at constant rates. It is similar to the scheme 
of using a succession of steady states suggested 
by Muskat7 in that it makes use of steady-state 
and material-balance equations. It also is similar 
to the work of Aronofsky and Jenkins? in that the 
new method includes Aronofsky and Jenkins’ stabil- 
ized flow equation as a special case. It improves 
upon both of these calculation schemes in that it 
accurately describes all portions of reservoir history 
and suggests means of determining reservoir rock 
properties from well-test data. 


This paper deals only with production from a 
reservoir, in which case the rate is defined as being 
negative. The reservoir studied here is a homoge- 
neous, disk-shaped porous body of uniform thickness, 
with all boundaries sealed except the inner radial 
boundary of the well. 
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THE CALCULATION METHOD 
ASSUMPTIONS AND DEFINITIONS 


The method is based upon the following assump- 
tions and definitions. 

1. The drainage radius rg is defined from integra- 
tion of the radial flow equation until this equation 
indicates that 7g =r, the radius of the outer extremity 
drained by a well, after which rg is defined as being 
equal to 

2. All production is assumed to have come from 
within the drainage area bounded by ry as defined 
herein, and all of the reservoir energy is assumed 
to be provided by expansion of the reservoir gas. 

3. It is assumed that the average pressure Pay 
within the drainage area occurs at a characteristic 
radius fgye, which can be described by the relation 
Tave/™d = C, where C can be uniquely determined 
as a function of 1y/ro. 

4, The “‘early transient period’’ is defined as 
that period during which rg < re. The “post early 
transient period’’ is defined as that period during 
which rz = 


DARCY FLOW 


The radial flow formula for gas flow obeying 
Darcy’s law may be written as 


In TD (Pp PwD ); 


or 
1 


In TD = 


where Wp = dimensionless mass flowrate, TWpRT 


Tp = dimensionless radius, 7/7,,, 
p = dimensionless pressure, p/p;, 
k = permeability, 
hb = net pay thickness, 
M = molecular weight, 
W = mass flow rate, pq, 
pL = viscosity, 
Zave = average compressibility factor, 
R = gas constant, 
T = absolute temperature, 
PwD = dimensionless well pressure, 
b; = initial pressure, 
q = volumetric flow rate which is defined 
as being negative for production, 
p = density, and 
Tw = well radius. 


Early Transient Period 


During the early transient period the pressure at 
the drainage radius is defined as being equal to the 
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shut-in or initial pressure p;. The drainage radius 
for this case is then defined by the equation 


1 


where rgp = dimensionless drainage radius. and 
P;p = dimensionless initial pressure. 


Since 
Cs 
Td =TdDlw 
and 


Tave = TaveD™w» 
C = taveD 
or 


By definition, Pgye occurs at rgye and 


1 


In raved = (Paved? Pwo?) 


= InCrgp = lor 6 . (4) 


where is dimensionless average pressure. 
aveD 


The average pressure decline, Apg,e, within rgp 
is defined as p; — Pgye- This pressure decline must 
account for total production G,,, in moles, so that 


Zave GmRT 


—r 4,2) (5) 


where ¢ is the porosity of the reservoir. One may 
note the relationship between production and rg. If 
APave iS constant, G,, is approximately proportional 
to rg%. This indicates that rg increases very rapidly 
upon initiation of flow, and very slowly after rg 
becomes: large. 

Another bit of information can be gained at this 
point by adding the negative of Eq. 2 to Eq. 4. The 
sum of these is 


T aveD 
n xInC = Wozave (1 — Pavep 7) 
It may be seen from this equation that, if C is 
constant for a constant-rate case during the early 
transient period, Pgyep and pagye must also be 
constant. 

Numerical digital-computer solutions for unsteady- 
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state flow, similar to those of Aronofsky and Jenkins2 
or Bruce, Peaceman, Rachford and Rice,? were used 
for determination of the C values. In this case the 
results were obtained by using a central-differencing 
scheme to numerically solve the equation. 


Opp ett OP 
Ou 2 Ot 


where u = In rp and tp Bes Only boundary 

conditions, values of p,, and production G,, must 

be known to détermine C. 

C values for the early transient period can be 
calculated by using Eqs. 2,4 and 5 in the following 
manner. 

Step 1 — Calculate rgp using Eq. 2. 

Step 2 — Using rgp from Step 1, calculate Apagye 
USING LNEN AP aves 

Step 3 — Using Paye from Step 2, calculate C 
using Eq. 4. 

Fig. 1 shows values of C calculated from various 
computer runs. Rate is given in dimensionless 
terms for reasons explained in the Appendix. It is 
apparent that C is a function of yp /rep only. Two 
points are appreciably distant from the curve. One 
of these is for a dimensionless rate of .001, which 
is so low that digital round-off errors are appreciable. 
The other is for an rgp value of around 10. Since C 
apparent that, if. C.< 
will be < 1 when rgp = 1. Since this is physically 
impossible, the correlation obviously cannot work 
for extremely small values of rgp. This situation 
is not of practical importance, however, since it 
would prevail for only a few seconds in a well test. 


Post Early Transient Period 
During this period rg = rg, and pe, the pressure 


at the outer boundary, declines. For this situation, 


lit = in Crop = 


1 2 2 
aveD wD 
WpZave 
RUN SYMBOL r,/ry RATE NO. CELLS | 
47} “Wp 
103 3000 .023 60 
1000 .023 60 
106 5000 .023 60 
104 3000 60 
200 .I- 90 
101 3000 .05 30 Ve 
a 
at 4 
oO 
42 
4 ° 
a 
v e 
40 
39 


10 .20 30 .40 50 .60 70 .80 .90 100 
Tan 


FIG, 1—C VALUES FOR SELECTED COMPUTER RUNS. 
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and 


Pave = hd (re2 7,2) 


C values for the post early transient period can be 
calculated by using Eq. 8 to calculate pgye and by 
using this in Eq. 7 to determine C. Some calculated 
values for C in the post early transient period are 
presented in Table 1. In the table, Gp is dimension- 
less cumulative production and is the ratio of total 
production to total moles initially present. in the 
reservoir. Values vary within the range .4486 to 
.4758. The variation is probably due to a relaxing 
of the convergence limits in the digital runs. It is 
believed that a C value of .470 will adequately 
represent the entire post early transient period. This 
compares with a value of .472 found by Aronofsky 
and Jenkins.2 The difference is of no consequence 
and is due to the normal variations in digital soly- 
tions. 


Calculation Procedures 


If C, the gas properties and the reservoir con- 
stants are known, reservoir performance at constant 
flow rates can be predicted by using Eqs. 2, 3, 4 
and 5 for early transient periods, and Eqs. 7 and 8 
for post early transient periods. 

For the early transient period, the calculation 
procedure is as follows. 

Step 1 — Assume a value of p,,. 

Step 2 — Calculate rz using Eq. 2. 

Step 3 — Calculate rgp/rep; read C from Fig. 1. 

Step 4 — Using C from Step 3, calculate rg, 
using "Eq. 3. 

Step 5 — Using rgye from Step 4, calculate paye 
Using ghq.-4. hen =~); — Paves 

Step 6 — Using Apgye from Step 5 and rg from 
Step 2, calculate G,, using Eq. 5. 

For the post early transient period, the procedure 
is the following. 

Step 1 — Assume a value of p,,. 

Step 2 — Using C = .470 and p,, from Step 1, 
calculate using Eq. 7. Then Apgye — Pave 

Step 3 — Using Apgye from Step 2, calculate G,, 
using Eq. 8. 


TABLE 1 
Gp G Gp c 
Run 103 Run 105 
008568 4692 008994 4517 
009486 .01470 4695 
009742 4657 01964 4486 
01257 4573 03394 4734 
.01470 4638 
01753 4569 Run 106 
01966 4633 009459 4723 
03240 4595 .01802 
.05832 4579 .03037 4698 
08369 4635 05991 4659 
12285 4611 
14298 4751 
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QUADRATIC FLOW 


To adequately describe gas flow at moderate or 


high rates, it is necessary to add another term to 
Darcy’s flow law,° 


where f£ is a parameter to be determined experimen- 
tally by a laboratory procedure somewhat similar to 
that for determining permeability. Multiplying this 
by p gives 


which equals 


W B w2 


2nrh 4 


(10) 


Substituting rp =7/r,, and p = a7 into Eq. 10 


and rearranging gives 


—M 1 dp? W w2 
ZaveRT drp k Ty 
If 
R 
kh 
and 
2 
then 
2 


J 1 


1 
If rp is assumed to be large, making aa negligible 


in comparison to —1, Eq. 14 becomes 
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An analysis of Eq. 10 shows that it is possible to 
use the quadratic equation without resorting to 
computer solutions for determination of C values. 
C values determined from solutions to unsteady- 
state Darcy flow equations can be used for quadratic 
flow due to the fact that the quadratic term in the 
quadratic flow equation is of importance only in the 
region near the wellbore. For the moment let us 
consider W as the mass flow rate at any radial 
location in the reservoir. Since W is at its maximum 
value near the wellbore and since cross-sectional 
area perpendicular to flow (A) varies with the 

Bw? 
negligible except near the wellbore. It follows, then, 
that a pressure profile for quadratic flow in the portion 
of a reservoir away from the immediate vicinity of 
the wellbore is nearly identical to that for Darcy 
flow at the same flow rate, even when there is 
considerable deviation from Darcy flow near the 
wellbore. Since C is determined from material- 
balance considerations, since the region near the 
wellbore contributes a negligible amount of mass to 
the total flow after the first few seconds of reservoir 
life and since deviation from darcy flow occurs only 
near the wellbore, C values determined from studies 
of Darcy flow can be used for quadratic flow calcu- 
lations. 


distance from the wellbore, the term is 


Calculation Procedures 


For the early transient period Eq. 15 becomes 


2 2 
= 


As before, Paye occurs at Tgyep, which is again 
defined as Crgp so that 


WAIL, 


.= gp = 


Eq. 5 again applies for material-balance purposes. 
For the post early transient period, 


Pave Pw (18) 


lnravep = InCrep = Y/L 


The calculation procedures for quadratic flow are 
entirely analogous to those for Darcy flow. One 
item of theoretical importance arises from neglecting 
the term 1/rp in Eq. 14. For small values of rp the 
term 1/7p can have an appreciable value. In such 
a case, the use of Eq. 15 would not be justified. For 
most practical situations, however, the use of Eq. 
15 will not cause appreciable error because ryp 
will be large for any time period of practical interest. 
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dr kh A 
| 

Rearranging variables and integrating yields ee 


SUPERPOSITION 


Data on flowing gas wells usually are reported 
in the form of back-pressure tests. For tests of 
short duration, the back-pressure test consists 
of single-point readings of well pressures for super- 
imposed rates. Therefore, any effort to reproduce 
test data must include the effects of superposition 
in the calculation procedure. 

Only the shut-in well pressure, top- and bottom- 
hole pressures at the end of a flow period, flow rates, 
gas gravity, reservoir temperature, formation thick- 
ness and duration of flow are reported for back- 
pressure tests. It is necessary, therefore, to deter- 
mine values for k, B, @ and r,, by trial and error. 
When the trial values allow reproduction of the test 
results, it will be assumed that they are correct. It 
is believed that the values will be relatively correct 
if, and only if, the number of data points equals or 
exceeds the number of constants to be determined. 

Superposition effects are calculated in the follow- 
ing manner. 

1. In their order of occurrence, label each of the 
rates imposed upon the well by a number. The first 
rate is Rate 1, the second is Rate 2, etc. 

2. Calculate the A rates which compose a total 
rate n by the equations, 


A rate =rate n —raten=1 .... . « (19) 
and 
n 


Thus, Rate 1 = A Rate 1, Rate 2 =A Rate 1+A 
Rate 2 = Rate 1 + Rate 2 — Rate 1, etc. 

3. Calculate the production associated with each 
A rate n at any time ¢ by multiplying A rate n by 
the duration of time during which A rate nm has been 
in effect. 

4. Using the Darcy flow equations, calculate p;” 
— Py for each A rate at every data point. A data 
point is defined as a point in time where rate, 
duration of rate and p,, are known. 

5. For each rate, calculate the effect of the 


quadratic term in Bq. 15. 


6. Add the individual p;2 — p,,2 values to the 
quadratic effect to obtain the total pressure drop 
at any data point. 


RESERVOIR EXTENT TEST 


An analysis of the C values shown in Fig. 1 
suggests that a method for determining the extent 
of a reservoir during the early transient period can 
be developed. rgp and C can be determined by 
using Eqs. 16, 17 and 5. If C is greater than the 
minimum value of .409 (it is no longer constant), 
thenrgp/tep canbe read from Fig. 1. Mathematically, 
tap /t ep =f where [ is the value read from Fig. 1, and 


TdD 
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If C = .409, f can have any value from 0 to approx- 
imately .5. To determine the extent of a reservoir, 
therefore, it is necessary to run a test at least until 
C is greater than .409. In actual practice it would 
be advisable to run the test until C was considerably 
above .409 to make sure that the change was not 
due to the random deviations expected in any at- 
tempted calculation of reservoir performance. 

For quadratic flow, the steps in performing this 
calculation are as follows. 

1. Calculate rgp using Eq. 16. 


2. Using rgp from Step 1 and G,, from test data, 
calculate Apgye using Eq. 5, and paye from Apaye 
= Pi — Pave 


3,. Fron’ Eq.i7, 


InC + In rgp = 


Calculate C using this equation, pgye from Step 
2 and rgp from Step 1. 

4, From Fig. 1 read f, 7473p /tep for C calculated 
in Step 3. Then calculate rep using Eq. 21. 


DISCUSSION 


To use the new calculation method, the engineer 
must know permeability, porosity, well radius, 
reservoir thickness, gas properties, outer drainage 
perimeter and 8. Although permeability, porosity, 
well radius and 6 could be determined by other 
means, it is felt that better results will be obtained 
if they are calculated from well-test data. 

The well tests can be run at any time during a 
reservoir’s life if the reservoir is previously allowed 
to build up to a static pressure. However, one of 
the primary advantages of the new method is that 
it allows predictions of reservoir performance be- 
fore the reservoir pressure has declined; therefore, 
to gain the fullest benefits from well tests, they 
should be made as early as possible. 

After the engineer has obtained the necessary 
data, the new method provides for him a way to 
calculate the total production associated with any 
well pressure when the well is being produced at 
a constant rate. This is accomplished without iter- 
ation and without calculating production for any 
well pressure other than the one of interest. 

It is realized that the necessity of determining 
k, B, 6 and r,, by trial and error limits the useful- 
ness of the new method at present. However, develop- 
ment of digital computer programs to perform the 
lengthy trial-and-error calculations should result 
in use of the new method for routine field calcu- 
lations. 

No rules have been given for determining the 
averaged values of z and to be used in a given 
calculation. It is felt that zg, . and p should corre- 
spond with Pgye, but the use of values correspond- 
ing with p; during the ‘‘early transient period’’ or 
Pe during the ‘‘post early transient period’’ probably 
will not cause appreciable error. 
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The analysis justifying the use of C values 
determined from Darcy flow studies for quadratic 
flow calculations should also apply for z and p 
when they are variable functions of pressure. To 
use C values determined from Darcy flow studies 
for another type of flow, it is necessary that the 
pressure profile in the reservoir away from the 
immediate vicinity of the wellbore for the flow in 
question be almost identical to that for Darcy flow. 
This is true for variable z and p because most of 
the pressure drop, and thus most of the deviation 
from Darcy flow, occurs near the wellbore. 


NOMENCLATURE 
A = area cross-sectional to flow 
C = =TaveD/TadD 
f= TdD/TeD 
G p = dimensionless cumulative production 
G,, = cumulative production, mol 
G,, total = total number of moles in the reservoir 
Gp = cumulative production, Mscf 
hb = net reservoir thickness 
J 
k = permeability 
M 
M = gram molecular weight 
N 


= flow rate in gm mol/sec/cm of reservoir 
thickness 


p = pressure 

Pave = average pressure 

Pp = dimensionless pressure 
bP ¢ = pressure at the outer drainage radius 
py = formation pressure 
p; = initial pressure 

bjp = dimensionless initial pressure = 1 
Pw = well pressure 

Pwp = dimensionless well pressure 

APave = avetage pressure drop 


dimensionless average pressure drop 


Il 


APaveD 
q = volumetric flow rate 


R = gas constant 
r = radius 
Tave = tadius at which Paye occurs 


TaveD = dimensionless radius at which Pave 
occurs 


Tp = dimensionless radius 

ry = drainage radius 
tdp = dimensionless drainage radius 
r. = outer drainage radius 
rep = dimensionless outer drainage radius 
= well radius 
dimensionless well radius = 1 

T = absolute temperature 
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¢ = time 

tp = dimensionless time 
u=Inrp 

W = mass flow rate 


Wp = dimensionless mass flow rate 


D = average dimensionless mass flow rate 
Y =Wp7kb 

z = compressibility factor 

= average compressibility factor 

y, @ = back-pressure-test constants 

fB = unnamed empirical constant 

= porosity 

p = density 


= Viscosity 
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APPENDIX 


DIMENSIONLESS VARIABLES 


The computer solutions used for determining C 
values are provided in dimensionless form. The 
dimensionless terms are dimensionless pressure, 
dimensionless rate, dimensionless time 
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kp; t 


tp 


and dimensionless cumulative production 


where G,, total is total moles of gas initially present 
in the reservoir. From Eq. 2, 


(1 - 2) 
ZaveWp 
and 
2) 
= exP (1 = Pub (25) 
ZaveWD 
Total number of moles is as follows. 
G,, Total = i? 


If r,,2 is assumed negligible in this equation (this 
is valid for almost all practical problems involving 
well behavior) and in Eq. 5, 


Gp = Gy Gr Total 


Z 
(27) 
and 
TeD 


where Apgyep is dimensionless average pressure 
drop. Also, since 


= Pi Paver 
then 
AbaveD = l= PaveD » (29) 
Thus, 
rap 
TeD 
and 
Gpr 2 
PaveD = 1 (31) 
dp” 
270 


From Eq. 6, 


2-1 


Zave"pD 


Substitution of Eq. 31 into this gives 


Further substitution of Eq. 25 into Eq. 32 produces 


2 
1 
ZaveWp PwD ) 
(33) 
or 
2 
2(1-pwp2) 
ave" D exp PwD 
ZaveWpD 
G4) 


For the post early transient period, in dimension- 
less terms, 


InCrep = Zave"p (PaveD” PwdD*); 
and 
G 
K D’eD GpTep 
PaveD = rap? = = Gp: 
e 
or 
Therefore, 
1 
inG == [a -G ~ 
D wD eD 
or 
1 2 2 
Zaye 
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CALCULATIONS 
DARCY FLOW — CONSTANT-RATE CASE 


To illustrate the use of the calculation method for 
a constant-rate case, let k = .3 darcies, rep = 1,000, 
Tw = 15.25 cm, p; = 136 atm, zgye = 1, p = 016 cp, 
T = 332°K, M = 20.86 gm/gm mol, d = .20, R = 82.06 
cc atm/gm mol °K, b = 304.8 cm, and W = -5848.1 
gm/sec = 20,300 Mscf/D. 


In = (20.86) (136)? (304.8) 
dD ~ (5848.1) (.016) (82.06) (332) 


52), 
from Eq. 4, 
In rayep = 43.478 


and from Eq. 5, 


(1) (82.06) (332) Gy 


Ap = 
(304.8) (.2) (7) (rg? 1,2) 
= 142.257— 
Also, 


Gm = 


Por they first point let p,, = 126.5 atm. Table "2 
shows calculations using this value. The dimension- 


less drainage radius is 351.4. Therefore, rgp/r ep = 


3514. C is then read from the curve in Fig. 1 as 
409. raven =-409 rgp = 143.72, and Inyep =4.968. 
Dimensionless average pressure is calculated as 
-98967, dimensionless average pressure drop as 
.01033 and average pressure drop as 1.40488 atm. 
rq =15.25,rgp = 5358.85, and rgp? = 28.7173 x 10°. 
G,, is then calculated as 283,601 gm mol production. 
Time t is then calculated by the equation 


1011.6 seconds, or 16.86 minutes. 


For the next point let p,, = 125.0 atm. Calculated 
by the same process used for Point 1, G,, = 1,536,110 
mol and t = 5479.2 seconds. 

For the next point let p,, = 120.0 atm. Since lnrgp 
is greater than In 1,000, the reservoir is in the post 
early transient stage of production. For this situation 
Eqs. 7 and 8 are used for calculation purposes. G,, 
is then calculated as 9,071,192, and t as 32,356.1. 


DARCY FLOW — CONSTANT-PRESSURE CASE 


The calculation method can be used to calculate 
a constant-well-pressure case (pressure at the sand 
face remains constant) by treating it as a series of 
constant-rate cases. It is assumed that the pressure 
profile at a given rate is accurately described by 
C values determined from constant-rate studies. The 
procedure consists of assuming a series of decreas- 
ing rates, calculating the production associated 
with each rate and dividing the difference in produc- 
tion between two successive rate values by an average 
of these two rates to obtain the elapsed time between 
the occurrence of the two rates. Since this is essen- 
tially a numerical integration procedure, errors will 
occur. The magnitude of the error should depend upon 
the size of the time step and should disappear as the 
number of time steps used approaches infinity. 

The constant-pressure case presented here is 
calculated in dimensionless terms. This is done 
so that it can be conveniently compared with digital 
computer results for the same problem. 

The basic equation for use in the early transient 
period is Eq. 33, which can be written as 


ZaveWpD 


1+ZgyeWp InC = corn exp: 


From this is obtained 


2(1 
2 WES 
p /&xP = yl InC, 


ee Zave Wp 


and 


1 — V1 + ZayveWpInC 


2 2(1 yp”) 
Tep /exp 
D 


Gp 


(39) 


Zave 


The corresponding equation for the post early tran- 


TABLE 2 

Point Py PwD PwD PwD Inran ‘aD TaD/"eD "aveD 
126.5 930147 865173 134827 5.8620 351.4 143.72 
2 125.0 091912 844782 155218 6.7486 852.8 -8528 374.81 
3 120.0 -88235 778542 »221458 9.6286* 1000 1.000 -470 470.00 

2 6 

Point InrayveD Pavel PaveD Ap, veD Ap, ve /10 t 
4.9680 97944 98967 01033 1.40488 5358.85 28.7173 283601 1011.6 
2 5.9264 -98109 -99050 .00950 1.2920 13005.2 169.1352 1536110 5479.2 
3 6.1528 92006 -95920 -04080 5.5488 15250.0 232.5625 9071192 32356. 1 


*Since this value is larger than In 1,000, the reservoir is in the post early transient stage of production. 
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sient period is Eq. 36, which can be arranged as 


which yields 


For calculation purposes, let p,,p =.1, rep = 1,000, 
= 6.908, and =1.0. 

During the early transient portion of the calcula- 
tion, rgp/T ep can be calculated by the equation 


2 
1 —PwD 


Wp 


= exP TeD 


Zave 


(see Eq. 24), and C can be read from Fig. 1. The 
dimensionless time interval Atp associated with a 
production interval is calculated by the equation 


AGp(t ep 2 Twp2) AGp x 10° 
D= = 
Wp Wp 


(42) 


where 
_ Wp at start of interval+Wp at end of interval 
Wp = 5 


(43) 


To calculate the first time step, it is necessary 
to assume an average rate. If the first rate chosen 
is high enough, this assumption produces a small 
and constant error which is of importance for only 
the first few time steps. 

Tables 3 and 4 show early transient and post 
early transient calculations, respectively, for the 
constant-well-pressure case. Fig. 2 is a graph of 
these values of rate and production vs time, along 
with values from a digital computer solution to the 
same problem. Except for tp values of less than 100, 
agreement seems quite good, especially when the 
approximate nature of both calculations is considered. 

Values of tp less than 100 correspond to small 
tdp values and, consequently, to very small values 
of time. As explained earlier, there is a loss of 
accuracy at small values of rgp. For this reason 


TABLE 3 — CONSTANT-WELL-PRESSURE CASE, EARLY TRANSIENT 


(2) (3) 


ray (4) ~~ (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) 
Wo InC 1-(6) Alnrep-(2)) Gp AGp Wp Atp/10® tp 
.80 1.238 .00342 .409 -.715 .534 11.340 8.39x104 .553x 1075 .553x107> 1.0* .553x 1075 5.53 
.70 1.414 .00412 .409 -.626 .611 10.988  5.90x10* .659x1075 .106x10°® .75 .141x 1075 6.94 
60 1.650 .00522 .409 -.536 .680 320 10.516 3.68x104 .869x107® .210x10°® .65 .323x107° 10.2 
50 1.980 .00725 .409 -.447 .743 9.856  1.902x104 .135x1074 .482x10-5 .55  .876x1075 18.9 
.40 2.475 .0119 .409 -.358 .801 199 8.866 .281x1074 .146x1074 .45  .324x1074 51.3 
35 2.829 .0169 .409 -.313 .828 8.158  3.48x103 .494x1074 .213x1074 .375 .568x1074 108 
.30 3.300 .0270 .409 -.268  .855 7.216  1.355x108 .107x107? .576x10-4 .325 .1772x107$ 285 
.28 3.536 .034 .409 -.250 .866 134 6.744 847x102 .158x107? .51x 1074 1759 x 1073 461] 
26 3.808 .045 .409 -.232 .876 6.200 492 6252x107? .94x 1074 .27 3481x1073 809 
4.125 .062 .409 -.215 .886 114 5.566 261 »437x 1073 .185x1073 .25  .740x1073 1550 
4.50 .090 .409 -.197 .896 4.816 123.1 .845x107$ .408x107$ .1779x 1072) 3320 
4.95 .142 .409 -.179 .905 3.916 50.2 .189x 107? .1045x107> .21 -4976x1072 8300 
18 5.50 .245 .409 -.161 .915 .085 2.816 16.7. 509x107? .320x 1072.19) 1684x107! 25140 
6.188 .485 .409 -.143 .926 1.440 4.22. .177x107' .126x107! -.7418x107' 99320 
15 6.60 .735 .422 -.1296 .9329 .0671 616 1.85  .363x107' 1186x107! .155  .1198 219100 
.1433 6.908 1.0 .470 -.1082 .9443 .0557 0 1 .557x107' .194x107' .14665 .1325 351600 

* Assumed. 
TABLE 4 — POST EARLY TRANSIENT 

Q) ZaveWp(In C+In rep) (3) (4) (5) (6) (7) (8) 
Wp Gp AGp We Atp/10° 
.87142 9335 0665 .0108 14165 .0762 427800 
13 80989 -9000 . 1000 0335 135 2481 675900 
-74836 8651 1349 .0349 125 2792 955100 
68683 8288 1712 .0363 03157 1271000 
10 -62530 2092 3619 1633000 
09 56377 0400 095 2054000 
.08 50724 2913 0421 4953 2549000 
07 -44071 3361 -075 3146000 
06 37918 .6158 3842 0481 .7400 3886000 
05 31765 5636 4364 0522 055 9491 4835000 
.04 25612 5061 .0575 045 1.2778 6113000 
03 -19459 5589 0650 1.8571 7970000 
02 13306 -3648 .0763 025 3.0520 11020000 
07153 7325 0973 015 6.4867 17510000 


*C = .470; In C = ~.755; In rep = 6.908; and In C + Inryp = 6.153. 
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no values were computed for Wp values greater 
than .80. Fortunately, the production at this point 
is so small that higher rates can be neglected with 
little effect on the over-all calculation. This neces- 
sarily will be true in all cases involving a constant 
well pressure. 


QUADRATIC FLOW — CONSTANT-RATE CASE 


To illustrate a quadratic flow calculation, the same 
case that was presented for Darcy flow, with the 
addition of B = — .648 atm sec?/gm, is recalculated 


using quadratic flow equations. 
From: Eq. 12; 


ayeRT 

4 

ae (5848.1) (.061) (82.06) (1) (332) 
(.3) (304.8) (7) (20.86) 

= 425.414, 


YL 


and 


BW2zayeRT 

J/L 

h2M 

_ +¢.648) (5848.1)? (1) (82.06) (332) 
2(m)* (15.25) (304.8)? (20.86) 


= 1035.0. 
CONSTANT PRESSURE CASE’ Pyo=.! 1000 


© CALCULATED Wo 
DIGITAL Wo 
0.5 & CALCULATED Gp 5 
> DIGITAL Gp 
0 0.4 
2 03 
q 
= 
0.2 
og of 
0. 
4 “tal 
0.04 A a ie] 
10 102 103 10% 10° 10° 107 108 


to 


FIG. 2 — COMPARISON OF HAND-CALCULATED 

VALUES OF Wp AND Gp WITH COMPUTER VALUES — 

DARCY FLOW (CONSTANT-PRESSURE CASE pywp = 
TeD = 1,000). 


140; | | 
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FIG. 3 — COMPARISON OF ANALOG AND CALCULATED 
VALUES OF fw VS TIME — QUADRATIC FLOW. 
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Eq. 16 then becomes 


425.414 


lnr zp = 


As before, Eq. 5 becomes 
Abave = 142.257. G,,/rg* 
or 
Ga = 142.257; 
and, from Eq. 38, 


t = Gm (20.86) / 5848.1. 


Fig. 3 shows a comparison of calculated values 
of py vs t for this case with values computed on an 
analog.l0 The agreement is very good considering 
the problems associated with analog computations. 
The observable deviation in values at very small 
values of time is due to the inability of the x-y 
plotter to follow the analog computations at the 
particular time scale used to obtain this figure. 
The deviation at large values of time is probably 
due to analog drift. 

Fig. 4 shows a comparison of the calculated 
values of p, vs t for Darcy and quadratic flow 
given in Tables 2 and 5, respectively. As would be 
expected, a lower well pressure is indicated at a 
given time for quadratic flow. 


QUADRATIC FLOW — CONSTANT-PRESSURE CASE 


A constant-pressure case involving quadratic 
flow can be calculated in a manner analogous to 
that used for Darcy flow. The basic equations to be 
used here are Eqs. 16,17 (or 18), and 5. After AG,,, 
the production during an interval, is determined, the 
elapsed time during the interval is calculated by the 
equation 


136 1 
— DARCY 
© — QUADRATIC 


a 


128 
124 
a 
5 \ 
116 
12 
4,000 12,000 20,000 28,000 36,000 


TIME (SECONDS) 


FIG. 4 — COMPARISON OF CALCULATED VALUES OF 
Pw VS TIME FOR DARCY AND QUADRATIC FLOW, 
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| 
MAG 
= 


where 


VW - W_at start of interval + W at end of interval 


. (45) 


SUPERPOSITION 


An actual field case is used to illustrate applica- 
tion of the method when superimposed flow rates 
are involved. The data used here are those of Baumel 
and Breitung.® These data also were used by Cornell 
and Katz9 in a paper in which they developed a 
gtaphical calculation procedure and attempted to 
correlate the data. 

As a first trial, let =.20375, k = .10125 darcies, 
B = — 2.7652 atm sec?/gm, and r,, = .22969 ft = 
7.0009 cm. 

These values were obtained by a computer method 
which is not described here. It is recommended that 
the engineer does not try to perform a trial-and-error 
procedure to determine ¢, k, 8 andr, unless he has 
access to a digital computer. 

The test data include: = 21 ft; p, = 3,127 psia 
(24-hour shut-in pressure) = 212.721 atm; q1 = 3,710 
Mscf/D for 180 minutes, p,, = 3,087 psia; q2 = 5,980 
Mscf/D for 200 minutes, p,, = 3,059 psia; 93 = 8,191 
Mscf/D for 180 minutes, p, = 3,035 psia; g4 = 


Tep is unknown, but for a 12-hour test it is doubt- 
ful if rgp/rep would much exceed .50. If rgp/rep 
is less than .5, C is constant. Therefore, it will 
be assumed that C and InC have constant values of 
.410 and —.8915, respectively. 

From Eq. 6, 


Paver = + (Y/L) In C. 


Since it has been assumed that C is a constant, 
Pave iS Constant at a constant flowrate. It follows, 
therefore, that there is a constant Ap,,,, associated 
with each A rate. 

Before proceeding, it is necessary to calculate 
rates, A rates, production associated with the A 
rates, values of J/L and Y/L associated with the 
rates and A rates, respectively, and Apgye associated 
with each A rate. Now recall that 


Zave GmRT 


Pave = 


and that 


In TaveD = InCr gp 


—7k ( 2 2) 
14,290 Mscf/D for 190 minutes, = 2,942 psia; T= 
370°K; M = 20.3 (gas gravity = 0.700); p = 0.021 ne 
cp (average value); Zg,¢ = 0.87; and casing diameter 
= 
The equations to be used are Eqs. 2, 3, 4, 5, 6, Y/L 
16.19 and 20, In Eq. 16, Y7L and J7L will be 
Have RT BZ aveRTM Also, 
rewritten as —N ——— and —N 
ak 27 Tw / 
respectively. N is negative and equals W/Mh, which mee Hy \ 3 
is rate in gram moles per second per centimeter of Vv 7 \Pave Tw 
reservoir thickness. Therefore, 
so that 
—N (. 0 
and or 
2 (—2.7652) (.87) (82.06) (370) (20.3) -2 
2(3.1416)* (7.0009) Pix Sal ri 
r 
= 10,729.8N 2 7 Abave Tw 
TABLE 5 — QUADRATIC FLOW CALCULATIONS 
Point pe 1035-p,? rap raD/"eD Cc 
] 122.5 15006.3 3489.7 2454.7 5.7702 320.6 +3206 -409 131.13 
2 121.0 14641.0 3855.0 2820.0 6.6288 756.5 «7565 424 320.76 
3 116.0 13456.0 5040.0 4005.0 9.41*** 1000 1.0000 +470 470.00 
Point IntayeD Pave rf /10® t 
1 4.87615 18115.7 134.595** 1.405 4889.15 23.90379 236086 842.1 
2 5.77073 18131.0 134.652 1,348 11536.63 133.0938 1261168 4498.5 
3 6.1528 17108.5 130.800 5.200 15250.0 232.5625 8500976 30322. 1 


*p? = 1367 = 18,496. 


**This is identical to the value for Darcy flow with p,, = 126.5. 


***Greater than In 1,000; therefore, post early transient stage. 
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TABLE 6 — RATES, A RATES AND ASSOCIATED VALUES 


Data Rate 
Point (Mscf/D) N 
1 3710 -— .08013 
2 5980 -.12916 
3 8191 -.17691 
4 14290 - .30864 
Data Points (G,) 
AN 1 2 3 4 
- .08013 464 979 1443 1932 
- .04903 0 315 599 899 
-.04775 0 0 277 569 
-.13173 0 0 0 804 


*p,7= 45,250.2. 


AN N? BAL 

.08013 0064208 68.894 

- 04903 0166823 178.998 

- .04775 0312971 335.812 

-.13173 0952586 1022. 106 

(Y/L) InC, or 
Popes Pave (atm) (atm) 
139.739 - 124.6 45125.6 212.428 .293 
85.503 76.2 45174.0 212.542 179 
83.271 = 74.2 45176.0 212.546 175 
229.724 - 204.8 45045.4 212.239 482 


Since 


Gp (453.6) (103) 
380.15 


m 


where Gp is production in thousands of standard 
cubic feet, the equation becomes 


ZaveGPRTC-(453.6 x 10°) 
bh Adave (380.15) 


= Paye—1/2 Y/L In 


.87 Gp (82.06) (370) (.41) 7 (453.6 x 103) 


CAO (.20375)(3. 14.159) (AP aye) (7.0009)? (380. 15) 


2 Gp 
= Pave ~ 1/2 Y/L In 263.878 


Thus, from Darcy flow equations, Das - ia terms 
associated with each A rate at each data point are 
calculated by the equation 


=p 7 + 1/2 Y/L 263.878 


ave 


The sum of these and the J/L term at a point gives 
the total pb? —py for the point, from which can be 
obtained the well pressure. 

Calculations leading to the determination of p,, 
values are presented in Tables 6 and 7. Considering 
all factors, agreement between calculated values of 
Py and field values is quite good. Maximum deviation 
of a calculated value from the reported value is 
3.4 psi for the third data point, which is well within 
experimental error. The third data point proved 
difficult to fit. If the pressure at this point was 
lower than reported, or the rate higher, an excellent 
fit could be obtained. 

Difficulties in matching reported data might occur 
in cases where reported pressures and rates are 
inaccurate, where the formation has been damaged 
with accompanying loss of permeability, when the 
time consumed in changing chokes is great enough 


DECEMBER, 1961 


to allow considerable pressure change, or if major 
variations from radial geometry are present. 


RESERVOIR EXTENT TEST 


For this example assume that the reservoir treated 
in the quadratic flow constant-rate case is being 
tested. In the present case the production data are 
known and rgp is the unknown which is to be deter- 
mined. Let p, = 121 atm, G,, = 1,261,168 gm mol, 
W = —5,848.1 gm/sec, and t = 4,489.5 seconds. 

This is a reverse calculation of the second point 
in Table 5. Y/L again equals 425.414 and J/L = 
1,035.0. From Eq. 16, 


pj? = Py? — 1035.0 
425.414 


Inr gp = 


855.0 — 1035.0 
425.414 
TABLE 7 — DETERMINATION OF p,, VALUES 
263.878 
‘\Rate P?- Pave V/2AY/L) 
1 124.6 69.870 900.68 
2 76.2 42.752 147.418 
3 74.2 41.636 150.787 
4 204.8 114.862 547.46 
QQ) (2) (3) (4) 
Gp Gp(263.878)/Ap, In(2) 1/2(Y/L)In(2) 
A Rate 1 
464 417916 12.9431 904.33 1028.9 
979 881766 13.6898 956.51 1081.1 
1443 1299681 14.0776 983.60 1108.2 
1932 1740114 14.3696 1004.00 1128.6 
ARate 2 
315 464367 13.0485 557.85 634.0 
599 883034 13.6916 585.34 661.5 
899 1325288 14.0972 602.68 678.9 
ARate 3 
277 417680 12,9425 538.87 613.1 
569 857978 13.6624 568.85 643.0 
ARate 4 
804 440158 12.9950 1492.63 1697.4 
ARates and 
i - 2 2 
Associated pj - Values Pw Py 
Point p,,(psia) 1 2 3 4 J/L =Total (atm) (psi) 
1 3087 1028.9 0 0 0 68.9 1097.8 210.125 3088.8 
2 3059 1081.1 634.0 0 0 179.0 1894,1 108.221 3060.8 
3 3035 1108.2 661.5 613.1 0 335.8 2718.6 206.232 3031.6 
4 2942 1128.6 678.9 643.0 1697.4 1022.1 5170.0 200.200 2942.9 
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2 2 


Thus, 


TdD = @6-6288 = 756.5%, 


= 15.25 (756.5) = 11,536.63 


and 


rq2/106 = 133.0938. 


From Eq. 5 


? 


~ 
APave = 142.257 
142.257 (1261168) 


133093800 


and 


Pave. = 136 — 1.348%= 1342652 atm. 


From Eq. 17, 
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In Y/L gp 
1813. 03520 ~ 6.6288 
425.414 
= — .8580, 


and 

C = e~-8580 4240, 
From Fig.-17, 

tap (tep = +1505; 
and 


ep = /+7565 = 756.5/.7565 = 1,000. 


Also, 


Te = Tepty = 15.25 (1000)-= 15,250 cm = 500 fe. 
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An Approximate Method for Determining Areal Sweep 
Efficiency and Flow Capacity in Formations with 
Anisotropic Permeability 


M. MORTADA 

MEMBER AIME 

G. W. NABOR 

JUNIOR MEMBER AIME 


ABSTRACT 


The effects of anisotropic or directional permea- 
bility on the areal sweep efficiency and the flow 
capacity are examined. The paper points out the 
importance of taking directional permeability into 
consideration in planning a flood. It analyzes the 
two-dimensional flow pattern associated with the 
skewed line drive for a unit mobility ratio. The direct 
and staggered line drives are treated as special 
cases of the skewed line drive. 

Analytical expressions are developed for the 
areal sweep efficiency at breakthrough and the 
flow capacity. They are related to the spacing 
between like wells, the distance between a row of 
injectors and the nearest row of producers, and 
the degree of skewness of the line drive. The 
latter quantity is defined such that it is equal to 
zero for the direct line drive and equals one-half 
for the staggered line drive. The areal sweep 
efficiency and the flow capacity depend also on 
the orientation of the flood pattern with respect to 
the principal axis of anisotropy. 

The paper provides a simple method for determin- 
ing the areal sweep efficiency and the flow capacity 
for a formation in which the permeability in the 
bedding plane is anisotropic. 


INTRODUCTION 


Directional or anisotropic permeability is mani- 
fested by the ability of the formation to conduct 
fluids more readily along certain preferred directions. 
This situation occurs in many producing forma- 
tions!-4 and is usually attributed to depositional 
features in which the sand grains are oriented in a 
preferred direction. In some cases it results from 
the formation of a major and a minor fracture system. 4 

Directional permeability should be taken into 
account in many phases of the production and 
exploration activities. Recognizing its existence 
in the formation of interest and planning accordingly 
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can lead to increased recovery and substantial 
savings. For instance, the areal sweep efficiency in 
a water flood depends to a great extent on the orien- 
tation of the flood pattern with respect to the prin- 
cipal axis of permeability. Anisotropic permeability 
is specified by the directions of its three principal 
axes and the permeability along each axis. The 
principal axes of permeability are mutually perpen- 
dicular. 

This paper deals with the areal sweep efficiency 
at breakthrough and the flow capacity for formations 
with anisotropic permeability. The flood pattern 
considered consists of alternate rows of injecting 
and producing wells. The rows of wells are parallel 
and form a developed, skewed line drive which is 
illustrated in Fig. 1. The staggered and direct line 
drives are treated as special cases of the skewed 
line drive. 


PRELIMINARY CONSIDERATIONS 


The formations considered in this paper are 
assumed to be of uniform thickness and porosity. 
The permeability is uniformly anisotropic, with 
each principal axis of permeability maintaining 


| 
| | 


e INJECTION WELL 
PRODUCTION WELL 


FIG. 1 - THE DEVELOPED SKEWED LINE DRIVE. 
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the same direction and magnitude at every point 
in the formation. Two of the principal axes lie in 
the bedding plane, and the third axis is perpen- 
dicular to it. Thus, neglecting gravity forces reduces 
the study to a two-dimensional flow problem. It is 
further assumed that the mobility of the fluids is 
the same ahead and behind the front. 


TWO-DIMENSIONAL FLOW EQUATIONS 


The flow velocities in anisotropic permeability 
systems can be described by Eqs. 1. In these 
equations the major and minor axes of permeability 
(n, Q serve as the co-ordinate system. 


pp 8 

Sp SV (1) 


ky and k¢ are the permeabilities along the major 
and minor axes of permeability, v, and v¢ are the 
microscopic flow velocities along these axes, p 
is the pressure distribution, V is the stream function, 
¢ is the porosity and yp is the fluid viscosity. The 
flow velocities in another co-ordinate system (/,m) 
which forms an angle @ with (7,0) are given by Eqs. 
2: 


cos” O+ke Sp 


ud 
ke sin@cos@-k, sin@cos@ 8p 
5m 
we 2 
sin cos 8 &p 
8m 
sin @cos sin @ cos 8 dp 


Eqs. 2 show that isotropic permeability is a special 
case in which the permeabilities along the principal 
axes are equal. For isotropic permeability, Eqs. 2 

k 
the choice of the co-ordinate system. 

The flow of incompressible liquids in a formation 
that is uniformly anisotropic is described by the 
differential equations: 


become v7 = 


k 
, regardless of 


k, 8°p kp 


= 0 
pp 8E7 
pp wp 
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F (n,¢,t) = 0 gives the position of the flood front as 
a function of time.® 

For the explicit solution of these differential 
equations, it is necessary to specify the pressure 
or the influx (stream function) on the boundary of 
the region of interest, the initial position of the 
flood front and the location of injection and produc- 
tion wells. The solution of these equations — is 
simplified by introducing the transformation® % = 
n/VRy ¥ y= vk and applying it to the differential 
equations and the boundary conditions. The resulting 
equations, 


8p 


Sp 
2 2 
dx dy 
sy 
5X dy 
| 
up 


describe the pressure distribution, the stream func- 
tion and the flood advance in an isotropic system 
with permeability equal to Vy k¢. The porosity 
and fluid viscosity are equal to those in the original 
system, and the geometry is related to the geometry 
of the original system by the transformation cited 
previously. The solution of Eqs. 4, accomplished 
either by analytical methods or by using a potenti- 
ometric analyzer, yields the areal sweep efficiency 
and the flow capacity for the new isotropic and 
the original anisotropic systems. This results be- 
cause the areal sweep efficiency and the flow 
Capacity are preserved in the transformation. 


ANALYSIS OF THE FLOOD 
PATTERN — AND RESULTS 


In analyzing the flood pattern it is useful to 
examine the pressure distribution due to an infinite 
array of point sources of strength q, with spacing a 
and forming an angle @ with the major axis of per- 
meability. The infinite array upon transformation 
remains a straight line, but with spacing 


2 
ke 


and forms an angle 


= ton’ 7k tan 9) 
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SF. SF 
php 8m 8m 


with the x axis. The pressure distribution in the 
new system is given by6 


HQ 
ke 
cosh cos @-X sin @) 
‘In 


Eq. 5 points out two important features. First, at 
a distance from the array >0.6da, the isobars can be 
approximated by straight lines parallel to the array. 
This is because the cosine term on the right-hand 
side of Eq. 5 becomes negligible with respect to 
the hyberbolic cosine. Also, at a distance > 0.6d, 
the pressure gradient becomes normal to the array 
and approximately equals 


ke) 


Second, the isobars are essentially concentric 
circles inside the circular regions with center at 
the point sources and radius < 0.054. 


AREAL SWEEP EFFICIENCY 


To complete the flood pattern, let dbe the distance 
in the original anisotropic system between one 
array of injectors and the closest array of producers. 
The corresponding distance in the transformed 
system is 


cos +k, sin 8 


and 


For the same spacing (d/a) inthe anisotropic system, 
(d/a) increases as @ decreases and reaches a max- 
imum of 


(4/0) = (4/0) /ke 


at @=0. Therefore, it usually is advantageous to 
arrange the arrays of like wells parallel to the major 
permeability axis. This arrangement results in 
maximum (d/a) and, hence, in larger areal sweep 
efficiency. In the remainder of this paper, it will 
be assumed that one array of wells in the transformed 
system either falls on the % axis or that the co- 
ordinates in the transformed system have been 
rotated on angle @ to accomplish this purpose. This 
assumption causes no loss of generality; it only 
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simplifies the analysis. Let x and y refer to the 
co-ordinate system after rotation. The pressure 
distribution, in the infinite strip bounded by the 
lines y = 0 and y = d/2 in Fig. 1, is equal to that 
due to the x-axis array plus the contributions of 
each pair of arrays equidistant from the x-axis. For 
(d/@) > 1.2, the contribution of each of these pairs 
to the pressure distribution in the strip of interest 
is for all practical purposes independent of x. Thus,® 


Qu 


p = 
Ke 


2 (eo) 
In [cosh - [+ 


4lcosh 2nim d-y) ] [cosh 2n(md+y) 


In (6) 
) 
a 
Further, since y < 0.5 d, Eg. 6 becomes 
2 


Similarly, the potential distribution in the infinite 
strip bounded by the lines y = d/2 and y =d is given 


(8) 


(€/a) is a measure of the skewness of the trans- 
formed flood pattern, and equals zero for the direct 
line drive and 0.5 for the staggered line drive. Note 
that (d/a) > 1.2 is not a severe restriction and is 
usually fulfilled for any pronounced degree of ani- 
sotropy [kp /ke) > 5] when the rows of wells lie in 
the direction of the major axis of permeability. 

Using the pressure equation given, the stream 
function and time of travel along a streamline may 
be found. From these, the areal sweep efficiency 
at breakthrough is found to be 


| a 
(1/2) (d/6) in| cos (17/2) (6/4) 


Details of the analysis are derived in Appendices 
A and B. Eq. 9 provides a simple expression for 
evaluating the areal sweep efficiency provided 
(d/a) > 1.2. In the foregoing analysis the initial 
position of. the front was assumed to be at the 
center of the well instead of an ellipse with major 
and minor axes of ty/Vk ¢ and respec- 
tively. This approximation can introduce some error 
in the areal sweep efficiency and is currently under 
study. 
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cals cos sin @) 
by 

2n(d-y) 2r(x-8) 

Pixy) 4rh./K, kr In [cosh 


FLOW CAPACITY 


In analyzing the flow capacity, the geometry and 
size of the sources and sinks must be taken into 
account. This is true because the pressure gradient 
in the neighborhood of the sources and sinks is 
very large; consequently, an appreciable part of 
the resistance to flow occurs in these regions. 
Therefore, a more detailed examination of the 
pressure distribution in the neighborhood of the 
transformed well is necessary. 

The analysis is greatly simplified by noticing 
that: (1) the isobars are essentially concentric 
circles inside a circular region the center of which 
is the point source and the radius of which is .05 
@; and (2) cylindrical sources or sinks are trans- 
formed into elliptical cylinders, and the isobars 
due to an elliptical source or sink at a distance 
larger than seven times the focal distance f of the 
ellipse are circles for all practical purposes, pro- 
vided the sources do not interfere with each other. 

Hence, the isobars are circular ina portion of the 
transformed reservoir, provided (7/) < (0.05 @). For 
normal well spacings and well radii, this criterion 
is usually satisfied. Choosing a radius 7, such 
that (7/) <7,, < (0.05 @) and using this radius as a 
fictitious boundary, the pressure drop is found 
through the main body of the reservoir to7,,, and 
from 7,, to the transformed source or sink. These 


pressure drops are added and the final flow capacity 
equation follows. 


J Kn ke (iw “Pow! 


where g is the rate of flow at reservoir conditions, 
and 


| | 
(rw ett = (34) ( 
PRACTICAL EXAMPLES 


Shown in Fig. 2 are three proposed patterns for 
water flooding a reservoir which exhibits a large 
degree of permeability anisotropy, 


(ky/ke )= 144, 


In these three cases, the rows of wells were oriented 
along the major axis of permeability; i.e., the angle 
6 = zero. Hence, 


(d/a) = (d 
or 

(d/a) = 12(d/a) , 
and 

(e/a) = (e/a) 


The spacing ratios (d/a) for Patterns A, B and C 
are 4.8, 4.8 and 2.4, respectively, satisfying the 
(d/a) > 1.2 requirement. The patterns were evaluated 
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using Eqs. 9 and 10 and, also, by studying the 
transformed system potentiometrically. The stream- 
lines and flood fronts obtained from the potentiometric 
model were back-transformed to the original reservoir 
co-ordinate system. The maps obtained for Patterns 
A, B and Care given in Figs. 3, 4 and 5, respectively. 
The four fronts shown correspond to times of 0.25 
ty, 0.50 ty, 0.75 t, and 1.00 ty, where t, = initial 
breakthrough time. These fronts, plus the stream- 
lines shown as dashed lines on the pattern, indicate 
the advantage gained by orienting the rows of wells 
along the major permeability axis. The injected 
fluid spreads out rapidly along the major permea- 
bility axis and, thereafter, advances quite uniformly 
toward the row of producers, with high areal sweep 
efficiency resulting. 

The results obtained using Eqs. 9 and 10 are 
presented in Table 1. These results agreed with 


TABLE 1 — RESULTS FOR FLOOD PATTERNS OF FIG. 2 
Pattern 
A B 
a, miles V1.25 \/ 1625 
d, miles 0.4y/ 1.25 0.4,/ 1.25 0.2,/ 1.25 
e, miles 0.3y/ 1.25 0.2\/ 1.25 0.41/ 1.25 
(d/a) 4.8 4.8 2.4 
(e/a) 0.3 0.2 0.4 
E,, Calculated 0.922 0.915 0.872 
Ep, Pot. Analyses 0.912 0.914 0.863 
G 4.7741 4.7741 3.5741 
q= )( ) 
C= 
Quantity Units 
q reservoir B/D 
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FIG, 2— PROPOSED FLOODING PATTERNS. 
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e 


areal sweep efficiency. The flow-capacity equation 


presented in the table is a reduction of E 
a form suitable for these particular 
the use of engineering units. 


the potentiometric results within 2 
the flow capacity and within 1 


BEG 
Vou 
a, 2 Ag 
sient 
4 or 
On wa = 
NA f=) 
e 
<x But, 
Ore) 
Os 
a 
ra) ov 
# 
ay 
[ew 
fev) 


The potentiometric model cannot be used to obtain 
the constant C appearing in the flow-capacity 


equation of Table 1 because it is not practical 


to use an electrode which is an exact analog of 


the transformed well 


values for the staggered line drive agree within 1 


areal-sweep 


and both 


improve as (d/@) increases. Since these 


cases represent the extremes of skewness, the 


efficiency per cent. The agreement 


for the direct line drive is even better 


However, by using a circular 


it is possible to compare measured potential 


electrode scaled to the radius7,,, mentioned pre- 


viously, 


cases 


drops with calculated values — using, for example, 


analytical method of this paper should be suitable 


for 


Eq. C-14 (Appendix C) modified appropriately to 


apply to the electrical model system. 


intermediate values. 


LEGEND 


INJECTION WELL 
PRODUCTION WELL 


e 


FLOOD FRONT 
STREAMLINE 


FIG. 3 — FLOOD-FRONT ADVANCE AND AREAL SWEEP EFFICIENCY FOR PATTERN A; CALCULATED E 


MILE 


74 172 3/4 


SCALE 


.2 PER CENT 


= 91 


EXPERIMENTAL E 


92.2 PER CENT 


LEGEND 
INJECTION WELL 


PRODUCTION WELL 
FLOOD FRONT 


174 172 34 


SCALE 


STREAMLINE 


91.4 PER CENT. 


91.5 PER CENT, EXPERIMENTAL E 


FIG. 4 — FLOOD-FRONT ADVANCE AND AREAL SWEEP EFFICIENCY FOR PATTERN B; CALCULATED E 
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LEGEND 
® INJECTION WELL 


SCALE fe) PRODUCTION WELL 
3/4 | MILE FLOOD FRONT 
= 

——— STREAMLINE 


FIG. 5 — FLOOD-FRONT ADVANCE AND AREAL SWEEP EFFICIENCY FOR PATTERN C; CALCULATED E 
= 87.2 PER CENT, EXPERIMENTAL E = 86.3 PER CENT. 


CONCLUSIONS = velocity 
The following conclusions have been made. 
1. This method of analysis provides a simple y = distance co-ordinate (transformed system) 
technique for evaluating the areal sweep efficiency Y = stream function 
at breakthrough and the flow capacity associated n = distance co-ordinate (original system) 
with flooding a formation with anisotropic permea- ¢ = distance co-ordinate (original system) 
bility, using a developed, skewed line drive. The eyo sangle 
skewed line drive must be considered because a ; , 
direct or staggered line drive may yield, upon trans- PN WiSCesity, 
formation, a skewed line drive. = porosity 
2 In anisotropic formations, rows of wells should SUBSCRIPTS 
be oriented along the major axis at permeability as 
nearly as possible to obtain larger sweep. In fields b = breakthrough 
which are already developed, this can lead to a iw = injection well 
skewed line drive. m = index 
NOMENCLATURE pw = production well 


Ss = streamline index 

= constant 
val w = well 

= areal sweep efficiency ; 
x,y = X, y Co-ordinate system 


= injection-well pattern element 
J P n,¢ = 7, € co-ordinate system; axes oriented 
= ratio associated with major axis-minor along major and minor axes of permea- 
axis permeabilities bility, respectively 


= production-well pattern element 
SUPERSCRIPTS 
= stream function cosine 


~ = transformed co-ordinate system * 
= stream function co-ordinate 


K 
2 . *Note: (7), C) transforms to (x, ¥); (x, ¥) rotates to (x, y). 
Z = functional notation Quantities unchanged upon rotation from, , J) to (x, y) continue 
a = well spacing within rows carr 
1.0 
b = major axis of ellipse 
c = minor axis of ellipse 
d = spacing between rows of wells 
WE 
e = skewness of a pattern 
pik 
{ = focal distance of an ellipse eco 
bh = thickness 
eae a 
k = permeability Jos 
l = general distance co-ordinate 
m = general distance co-ordinate 3 Y —-- APPROXIMATE METHOD 
= Ja OF ANALYSIS 
n = index 
p = pressure a 
q= flow rate, reservoir conditions 205 0.75 1.00 1.25 150 175 2.00 2.25 2.80 
di SPACING RATIO, (4/a) 
r = radius 
t = travel time FIG. 6 — AREAL-SWEEP-EFFICIENCY COMPARISONS, 
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APPENDIX A 


THE POTENTIAL, STREAM-FUNCTION 
AND TRAVEL-TIME EQUATIONS 


The equation presented in the main body of the 
the paper for the pressure distribution in the strip 
of reservoir <x — (d/2) < y < (d/2) is 


where 


and q is flow rate at reservoir conditions (negative 
for injection). 
The stream function is given by 


cosh cos 


Letting 
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it follows immediately that 
cos( 22%) = |\/cosh 
q 


The time of travel* along a streamline s from the 
point (x, y) = (0,0) to the point x, y is given by 


0,0 


~ dx 


#0 
Vy)s y 


= 
@ 


where the velocity component v, or v 
evaluated along s. 


8x 


q 2 \ -sin(& 
Gang) | 


To evaluate v, along a particular streamline s, 
Eq. A-5 may be used to give 


omy 2rx\ °! a 
cos ( 
Substituting in Eqs. A-7b and A-6b gives 
=(q/4ah 
cos 


*The variable transformations used make x, y and @ dimen 
sionless. Hence, formally vy, and Vy have the dimensions (L2/t), 
and t has dimensions (t/L2). This creates no problem in the 
analysis; the conversion to proper units will be shown later. 
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xy 
y 
= 


ly = 


(A-10a) 
cos =S 
Similar treatment of Eq. A-Gc results in 
omy 
~2 cosh(—<—)+ 


These may also be further manipulated to give 


em y 
q 
cos | 
my 
h 
cos 


The negative sign preceding the equations of Eq. 
A-10 is proper when gq is an injection rate, i.e., 
when g has a negative value. If the derivation has 
been carried out for a row of production wells, the 
direction of integration would have been from (x, y) 
toward (0, 0), with a positive sign preceding the 
final Eq. A-10. 

It should be noted that the equations are appropriate 
only in the region 


|x| < (0/2), ly| < (d/2). 
APPENDIX B 


THE AREAL-SWEEP-EFFICIENCY EQUATION 


The generalized line drive is characterized by 
three distance parameters: d, the spacing within 
rows between like wells; d, the spacing between 
tows of unlike wells; and @, the displacement or 
skewness in the x direction of unlike wells. Since 
the choice of positive x direction is arbitrary, e 
may always be taken as positive, ranging from zero 
for the direct line drive to a maximum value (a/2) 
for the staggered line drive. 

The breakthrough time for the streamline which 
passes through the point (X, d/2) will be the sum of 
times in Regions 1; and Py; (see Fig. 1). Eq. A-10 
may be used to find the time in each region, provid- 
ing consideration is given in Region P, to (1) the 
displacement e, and (2) the change in sign of the 
fate 7. 


Using the absolute value of q, 


-( 


cosh = ) 


(B-1la) 
Cos 
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To find the point (X, d/2) which yields the initial 
or minimum breakthrough time, Eq. B-3 is differ- 
entiated with respect to X. 


Z sin( (B-4) 


where Z(X) is positive and finite for 
[6 - (3/2) < (8/2), 


the range of X common to Regions I; and P,. If 
the derivative is set equal to zero, 


=O, 7, etc. . (B-5Sa) 


The only value falling in the X range common to 
Regions and P, is 


(B-5e) 


By differentiating Eq. B-4 a second time, it can be 
shown that X = (€/2) gives a minimum time of travel 
between the injector and producer. 

A similar treatment of the travel-time equation for 
streamlines lying in Regions I, and Py will show 
a second minimum at X = (e — a)/2. Travel time, 
however, is longer for this second minimum; thus, 
the actual minimum travel time occurs along the 
streamline passing through the point (x, y) = (e/2, 
d/2). This is the time of initial breakthrough. In 
effect, each injection well displaces fluid toward 
two different production wells and has a different 
time of breakthrough to each producer. When e = 
(a/2), the special case of the staggered line drive 
holds, and the times of breakthrough to the two 
producers are equal. 

Substituting Eq. B-5c in Eq. B-3 and using the 
even nature of the cosine function, the time of 
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j h 
. . (B-Ib) 
ty = (B-2) 
ie | cosh 


initial breakthrough is given by 


The areal sweep efficiency is given by 
(2da)h¢ 


pst .(B-7b) 


To complete the working equations, introduce 


Then, 


sin? @ 
~ \! 


(e/a)” is not necessarily within the range of 0 to 
0.5. To find (e/a), apply the following where n is 
an integer. If 


ao 


n < < (n+05), 
then 


(6/0) =(@/a)'-n . . (B-11a) 
If 

(n-0.5) < (€/3)'< n, 
then 


Breakthrough time in the original reservoir system 
will be related to ty by 


which may also be written as 
2 
(4¢a h (K°-1) sin? 9 +1 
th K 
.(B-12b) 


S22 2. 
cos (1/2)(€/ 


Areal sweep efficiency will be unchanged from that 
found for the transformed system. 


DECEMBER, 1961 


APPENDIX C 
THE FLOW-CAPACITY EQUATION 


The flow-capacity equation is developed by con- 
sidering pressure drops in three regions: (1) from 
the transformed-injector wellbore surface (an ellipse) 
to the fictitious circular surface at 7,,, (2) from this 
surface through the main body of the transformed 
reservoir to the isobaric surface located midway 
bet ween the row of injectors and the row of producers, 
and (3) from this surface to the transformed production 
well (also an ellipse). The term 7,,, introduced only 
as an aid in the formal treatment, disappears in 
the final form of the equation. 


THE WELLBORE REGION 


A well centered at the point (0,0) in the original 
(n, 2) system of co-ordinates may be described by 
the equation 


2 2 


In the x, y co-ordinate system, 


2 
~e2 2 


Substituting, the equation describing the transformed 
well is obtained. 


This is the equation for an ellipse having semi- 
major and semi-minor axes b,, and Cc,, given by 


The axes of the ellipse are oriented in the ¢ and n 
directions. 

The transformed system has an equivalent isotropic 
permeability kh = Pressure and flow equa- 
tions are available for isotropic permeability systems 
in which an elliptical source or sink is located in 
an infinite reservoir. These may be applied in the 
immediate vicinity of the transformed well without 
serious error. Muskat® points out that the isobars 
for such a system are confocal ellipses. The focal 
distance is determined by 


v2 ~2 


a 


or, since one isobar must coincide with the trans- 
formed well surface, 


(C-5b) 


(C-5c) 


As confocal ellipses successively further removed 
from the wellbore are considered, it is clear that 
b and @ approach the same value because f is fixed. 
Stated differently, the isobars become circular in 
form as distance from the wellbore increases. This 
is typical of the pressure distribution due to any 
localized source; at distances sufficiently removed 
from it, the particular geometric form of the source 
no longer influences the pressure distribution. 

The flow equation for the system described is 


2 
In 


Dy +Cw 


(C-6) 


where m refers to any general isobar (an ellipse) 
outside the transformed weilbore. At sufficiently 
great distances, 


(C-7) 


Eqs. C-4, C-6 and C-7 may be combined to give 
2mhk (py 
q = ~ 
In dete | 


(C-8) 


where (ry)eff is an effective well radius given by 


Tw 


THE MAIN RESERVOIR REGION 


(C-9) 


It previously has been shown that, essentially, 
an isobar exists along the line y =(d/2), for (d/a@) 
> 1.2; i.e., the pressure is independent of x. This 
pressure p(q/2)is obtained from Eq. A-1 by neglect- 
ing the cosine term 


(22) 
In | cosh = 
For (4/a@) > 1.2, it follows that 
rd nd : 
In [cosh (4) = 2 (C-11) 
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so 


For sufficiently small values of f,,, compared to 
a, the hyperbolic cosine and cosine terms appearing 
in Eq. A-1 may be expanded in series. Only the 
first term of the expansion is significant, so 


Pr =( 2| + (C-13) 
4arhk 


Thus, 


(5 Pre) * 


2) 


THE FINAL FLOW-CAPACITY EQUATION 


Eqs. C-8 and C-14 may be combined to eliminate 
PFm and 


This is the pressure drop between y = (d/2) and a 
production well, considering q to be positive. The 
total pressure drop between an injection well and 
production well will be twice this. 


Using Eq. C-16, 
q = Pow) 
It may be noted also that 
* kk 
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Study of Gas Reservoirs Subject to Water Drive on 
Electronic Differential Analyzer 


H. D. YOO 


D.L. KATZ 
M. R. TEK 
MEMBERS AIME 


ABSTRACT 


The behavior of gas-storage reservoirs subject to 
water drive is investigated through analog simulation 
on an electronic differential analyzer. The simula- 
tion technique developed on an LM-10 computer per- 
mits the prediction of reservoir volume or pressure 
resulting from the movement of water in the sur- 
rounding aquifer. 

The method developed on the analog computer 
consists of setting up an appropriate transfer-function 
circuit and feeding the arbitrary time-varying bound- 
ary conditions as an input signal. The input may be 
specified as gas reservoir pressure, pore volume or 
the water flux. 

Several cases studied include an isolated gas 
reservoir on a limited aquifer, interference among 
three reservoirs adjacent to a common aquifer and 
the growth of gas-storage volume on an aquifer. 

It is concluded that the method developed on an 
electronic differential analyzer provides an excel- 
lent technique to simulate and investigate the be- 
havior of gas reservoirs subject to water drive. The 
agreement between the reservoir performance as 
predicted from the simulation technique and as 
measured from actual field data is found to be better 
than the range usually encountered in predicting 
water-drive behavior. 


INTRODUCTION 


It is generally known that some gas-storage res- 
ervoirs are located on top of blanket sands of large 
extent, saturated with brine called aquifers. 

Because the volume of the body of water associ- 
ated with aquifers is usually very large and water 
is compressible, the cyclic pressure variations 
encountered in normal storage service inevitably 
cause unsteady, compressible flow conditions in 
the adjacent aquifers. 

The solution to radial diffusivity equation for a 
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limited aquifer for constant terminal conditions has 
been known! since the early 1930’s. The solution 
for the constant terminal conditions for an infinite 
aquifer was published in 1949.2 

The problem of handling the unsteady flow of 
water through a porous medium with time-varying 
boundary conditions has been studied by many in- 
vestigators through the use of graphical,3 digital4 
computing techniques or on an R-C type of electrical 
analog called a reservoir analyzer.” The digital 
computer performs a series of arithmetic calculations 
to superimpose the solutions of constant terminal 
conditions, while the R-C type of analyzer permits 
the simulation of the continuous medium by means 
of ‘‘lumped-cell’’ electrical resistance and capaci- 
tance elements based on finite-difference approxi- 
mations. The graphical method is based on the 
convolution integral solution of the partial differ- 
ential equation. 

The purpose of the present study was to simulate 
the behavior of an aquifer on a general-purpose, 
electronic differential analyzer to obtain the influx 
of water or the change in pressure at the reservoir 
continuously and quickly. The use of the electronic 
differential analyzer was based on well known solu- 
tions for the constant terminal conditions already 
available in the literature.26-8 


THEORETICAL DEVELOPMENT 
MODEL, 


The gas reservoir (R) is described in relation to 
an aquifer in Fig. 1. The permeability and porosity 
of an aquifer sand, the viscosity of the brine, and 
the compressibility of the brine and the formation 
are assumed to be constant. It further is assumed 
that the blanket sand is not thick enough to give 
appreciable vertical pressure distribution. The model 
in consideration is circular with radial geometry. 
The aquifer radius can be of limited or infinite ex- 
tent. The gas-water interface is assumed to be fully 
segregated, and the displacement of the gas by 


lReferences given at end of paper. 


287 


water or water by gas is considered to be pistonlike. 


DIFFERENTIAL EQUATION 


For the model described, the flow of the brine 
through the porous medium can be described by the 
following differential equation. 


ar2 r Or 


or in dimensionless form, 


2 P 


and 


BOUNDARY CONDITIONS 

The two basic cases encountered in most reser- 
voir-engineering studies are constant - terminal - 
pressure and constant-terminal-rate cases. If the 
pressure is specified at the reservoir boundary, the 
problem may be referred to as terminal-pressure case. 
On the other hand, if the rate is specified one would 
have the terminal-rate case.In gas storage,a variable- 
pressure case often applies; for this case, the pres- 
sure at the aquifer boundary is specified as a func- 
tion of time. 

For the pressure case, the mathematical state- 
ments of the boundary conditions are 


= 
Plo, 


With these boundary conditions, the Laplace trans- 
form of the solution to Eq. 2 is given in the following. 


Ky [Vs] 
[Vs] 


where Q;p(s) is the Laplace transform of the cumu- 
lative water-flux function, and g(s) is the Laplace 
transform of the pressure function G(tp). It can be 
shown that Eq. 3 may be presented in the following 
form 


-Q — rldr 


(4) 
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where Q,p is the constant-pressure-case cumulative- 
flux function. 
Eq. 3 can be rewritten to take the form 


gels] 


Eq. 5 becomes a useful equation on an electronic 
differential analyzer and is called a simulation 
equation for terminal-pressure case. Once the Q,){tp) 
function is found, the cumulative water flux or the 
reservoir volume change from the initial reservoir 
pore volume can be calculated by the following 
equation. 


6 


Il 


Il 


Instead of specifying the reservoir pressure, one 
may specify the rate or flux at the reservoir bound- 
ary, with the following boundary conditions. 


oP 
Or, 
=> 


The Laplace transform of the pressure-change func- 
tion at the distance of rp can be shown to be 


fray sl 


= e[ s| {s-f{lrp,s] 


The terminal-rate case corresponding to Eqs. 4 and 
5 of the terminal-pressure case is given as 


where P,p is the constant-rate-case pressure-change 
function, and 


Ap 


els] 
The actual pressure change is then 


As shown in Eqs. 6 and 10, the problem of finding 
the pressure change or the reservoir pore-volume 
change narrows down to finding Q,p and P,p. 


The terms f, (s) and (p, s) are the Laplace 
transforms of the constant terminal-pressure-case 
cumulative-flux function and the constant terminal- 
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- 
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GAS RESERVOIR (R) 


AQUIFER 


FIG. 1 — RADIAL FLOW MODEL. 


rate-case pressure-change function, respectively. 
Eqs. 5 and 9 are used as the working equations of 
the analog simulation. This analog simulation is 
equivalent to the computation of the superposition 
or convolution integral expressed in Eq. 4 or Eq. 8. 

Unfortunately, the rate data are not available, 
but in most any case the volume-variation data are 
available. From the definition of rate, 


d 
els] = py = Vo 


dtp 


Substituting this equation into Eq. 9, one can obtain 


[v,-V Its) 


Eq. 11 is the analog simulation equation for the 
volume case. 


ANALOG SIMULATION 


The essential feature of analog simulation on an 
electronic differential analyzer is to obtain the de- 
sired reservoir performance as an output by feeding 
in the boundary condition as an input signal. The 
known information may be the arbitrary reservoir 
pressure schedule, the reservoir‘pore-volume varia- 
tion, or the water flux. A block diagram representing 
the sequence of analog simulation is shown on Fig. 

The term /,(s) in Eq. 5 represents the Laplace 
transform of cumulative-flux funttion of the constant- 
terminal-pressure case or the unit step response for 
the variable-pressure case. Therefore, sf; (s) can be 
approximated from the~solution of the constant- 


Input Signal 


Simulation 


s 


Pressure Case Gltp) (tp) 


Transfer Function 


E(t Ss s) 
Rate Case o) ‘ | Pro (ro, to) 


Transfer Function 


2¢! 
Vg-Vo)(t, s fi (rp, 
Volume Case (Va-Vo)( to) to) 


Transfer Function 


FIG, 3 — INPUT-OUTPUT RELATIONSHIPS FOR THE 
DIFFERENT RESERVOIR-TERMINAL CONDITIONS. 


terminal-pressure case. Since the initial value of 
the cumulative-flux function is zero, from the well 
known property of the Laplace transform rule of a 
derivative, sf,(s) can be expressed better in the 
following form. 


42 tp 


Ib, 


= sf,ls] -O. 


This relationship can be used to approximate s/,(s) 
from 
dtp 

known, the Eq. 5 can be simulated on an electronic 
differential analyzer. Eq. 5 may be interpreted in 
terms of system transfer function since the transfer 
function is the expression that establishes the re- 
lationship of the input and output variables of a 
system as an operator equation. When constant 
pressure is fed in, the output becomes the constant- 
pressure-case solution. Once the constant-pressure 
response check is made for a linear system, in 
general, the arbitrary pressure response can be 
obtained with the same circuit by simply feeding in 
the proper pressure variation.10,11 

The terminal-rate case or volume case can be 
handled by the identical technique on the basis of 
Eq. 9 or Eq. 11 instead of Eq. 5. 

The three different cases of the reservoir terminal 
conditions are represented in Fig. 3. 

When a constant-terminal-case solution is avail- 


or directly from Qjp. When sf;(s) is 


Reservoir Performance 


Manual Function 
Generation with a G (6) 
potentiometer which 
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of an analog 
computer 


100 v. 


Representation of 
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computer 


Recording of the 
output voltage as 
a function of time 
on a recorder 
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FIG. 2 — OVER-ALL BLOCK DIAGRAM OF THE ANALOG SIMULATION ARRANGEMENT, 
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able, one can find the proper transfer function which 
can be set up on an electronic differential analyzer. 
The desired solution can then be obtained as an 
output, which can be recorded as a function of time. 


EQUIPMENT 


For the studies presented in this paper, the Ster- 
ling model LM 10 electronic differential analyzer 
was used. The LM 10 electronic differential analyzer 
is a small computer equipped with 10 high-gain DC 
amplifiers and 10 ten-turn precision helipots. The 
function G(tp) is generated manually with a 10-turn 
precision helipot. The potentiometer setting is 
changed as a function of time to give the desired 
voltage by means of a vernier dial. The output is 
recorded by using a two-channel Brush recorder. 
Fig. 4 shows a photograph of the actual equipment 
set-up. 


APPLICATIONS 


To demonstrate the application of the theory, a 
few typical problems are chosen. 


PRESSURE CASE FOR AN 
AQUIFER OF LIMITED EXTENT 


As a first illustration and proof of the method, an 
aquifer of rp = 10 is chosen. The rp = 10 is a ratio 
of the size of the aquifer to that of the gas bubble. 
For this aquifer size, three different checks or 
comparisons are made against theoretical or digitally 
computed values. These checks are (1) the unit- 
step-response check with that of van Everdingen and 
Hurst2 table, (2) the application to the actual Field 
A to check with the digital computer solution and 
(3) the comparison of the response for sinusoidal- 
pressure-variation case with that of a mathematical 
solution. 

The first step toward analog simulation is to 
obtain the transfer function based on the previous 
knowledge of unit impulse response. The unit step 
response for rp = 10 is already expressed in an 
equation form, rather than in a tabular form. This 
unit-step response solution for the pressure case 
has been reported for a limited aquifer as follows.” 


ees 


FIG. 4 — ELECTRONIC DIFFERENTIAL ANALYZERS 
ARRANGED FOR PRESSURE CASE WITH A FAULT IN 
THE AQUIFER. 
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Since the series converges very rapidly for rp = 10, 
the first term alone gives a good approximation, and 
the flux function for the constant-terminal-pressure 
case for the aquifer size of rp = 10 can be written 
as 


= 49.5.- 47 36-0012 (12) 


where a is a constant relating the actual time in 
months to the dimensionless time th; OF, 


tr = = ao, 


and a has a unit of 1/month. It is necessary to 
change the dimensionless time to the actual time 
because the machine is running in the actual time, 
but in a much-condensed scale. For example, one 
month of actual reservoir time is one second of 
machine running time if the machine-time constant 
K is one. In Eq. 12, it is important to note that Qjp 
is dimensionless while Q,p in Eq. 6 has a dimension 
of pressure in pounds per square inch. Upon taking 
the Laplace transform with respect to 9 and multi- 
plying by s, Eq. 12 gives 


47.38 ] 


= [49.5 = 
S+ 0.0122a 


By rearranging, this equation can be written as 
follows. 


Ss 


0.01224 


Based on Eq. 13, an LM 10 circuit diagram for Tp = 
10 to get cumulative-flux function is obtained as 
shown in Fig. 5. 

By feeding in a constant voltage at Potentiometer 


10 
K =10 sf(s}=2.20 
=782 '* 001220 


FIG. 5 — LM 10 (ELECTRONIC DIFFERENTIAL ANA- 
LYZER) CIRCUIT DIAGRAM FOR rp = 10 TO GET CU- 
MULATIVE-FLUX FUNCTION. 
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No. 8, which is equivalent to having a constant 
reservoir pressure, the response is obtained. The 
response is the cumulative-flux function at constant- 
pressure case, and the analog result is compared 
with theoretical values? in Fig. 6. The comparison 
in Fig. 6 shows good agreement, and the unit-step- 
response check is essentially a calibration opera- 
tion. It is possible to calibrate the response by re- 
adjusting the potentiometer settings. 

Since the circuit has been established by the unit- 
step-response check, the same circuit can be used 
for any pressure variations by simply generating the 
specified pressure variation with Potentiometer No. 
8. Fig. 7 shows the generated pressure input and 
the function to be generated for the actual Field A. 
For this pressure variation, the response is obtained 
and compared with the results of digital computa- 
tions* in Fig. 8. The reservoir volume is plotted 
against time. 

To secure further proof of the developed method, 
the case of sinusoidal input pressure was studied. 
Table 1 shows the comparison of the analog results 
with theoretical solution,!2 for annual sinusoidal 
pressure variation. 


G= 50rsin 50 sinl0.0697 tp] psi. 
6 


With the aid of the circuit given in Fig. 5, the 
various effects of practical interest are studied. 
These include the effect of permeability on water- 
return ability for a limited aquifer, the effect of 
aquifer size on water-return ability and the effect 
of phase shift in the pressure cycle on water-return 
ability. Figs. 9, 10 and 11 show the results of this 
study. 


oO: Analog 
o : Theoretical 
(p. 315 Hurst) 
L Notes: 4 
p= 10 
= kK=/0 4 
Q' :Cumulative flux function at constant 
pressure cose 
tp : Dimensionless time 
di exterior radius 
L To. Dimensionless ra | 
10 
{o) 100 200 300 400 500 


tp 


FIG. 6 — COMPARISON OF THE ANALOG 
RESULT WITH THEORETICAL VALUE TO 
A CONSTANT-PRESSURE CASE, rp = 10. 
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TABLE 1 — COMPARISON OF ANALOG RESULTS WITH 
THEORETICAL CUMULATIVE-FLUX FUNCTION FOR SINUS- 
OIDAL PRESSURE VARIATION (4) = 7.52 0). 


(month) theoretical Analog Result 
6 633 (efflux) 617 
12 —267 (influx) —275 
24 —356.5 —348 
36 —386.5 —374 
48 —396.2 —396 
60 —399.4 —400 
120 —401 - 


INTERFERENCE AMONG TWO OR MORE 
FIELDS SITUATED ON A COMMON AQUIFER 

The first study of interference among the oil 
fields was made on an electrical reservoir analyzer 
to study the East Texas field.13 But the first math- 
ematical interference study was made by Mortada.8 
The application of Mortada’s method to gas-storage 
problems was made by Coats.14 

The basic idea of this theory stems from the fact 
that the original partial differential equation de- 
scribing the liquid flow through a porous medium is 
linear and homogeneous. 

The pressure drop at a field can be broken down 
into the contributions attributed by the flux of each 
individual neighboring field, as well as by its own 
flux, because the water flux can only be caused at 
the expense of the pressure change. The particular 
example studied in this work was concerned with 


Field A 


+— (P-Pp) (Ib/in2) 


oF 
YRS, TIME 
° 
© To be generated 
0 Generated 


FIG. 7—-SPECIFIED PRESSURE VARIATION IN FIELD 
A AND THE GENERATED FUNCTION. 
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Vo= 4.6x108 = Analog 
Vo-Vo = 6050 ft © = Digital (Coats, Trans. 
( 0.956 darcy /cp AIME 216, 18,1959) 
h 


=20ft 
100 ‘aN, A 
0.98/- 
fo} 
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FIG. 8 — COMPARISON OF ANALOG RESULTS WITH 
DIGITAL RESULTS FOR FIELD A (rp = 10). 
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FIG. 9 — EFFECT OF PERMEABILITY ON WATER- 
RETURN ABILITY FOR LIMITED AQUIFER (rp = 10). 
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three fields breathing on a common aquifer. 

Fields C and D were discovered in Dec., 1944, 
while Field A was discovered in Sept., 1941. The 
approximate geometry is sketched in Fig. 12. The 
radii of the three fields were approximated from the 
contour maps to be 1.43 to 1.55 miles. The analog- 
predicted volume variation of Field A considering 
the interference of Fields C and D is shown in Fig. 
12 along with actual data. Coats 4 studied Field A 


as an isolated field sitting on a limited aquifer. 
The circuits used for the study are shown in Figs. 
13 and 14. 


MOVING BOUNDARY PROBLEMS 


The problems treated thus far were fixed boundary 
problems. The gas-field radius has been considered 
to be stationary or constant. However, in aquifer 
storage operations, the gas-bubble radius grows from 
zero to a large value during a certain period of time 
before a well developed and stabilized gas bubble 
is established. 

The rigorous analytical solutions applicable to 
aquifer gas-storage problems are just about hopeless 
because of analytical difficulties introduced by the 
moving boundaries. An approximate solution has 
been derived for a growing disk model of a finite 
aquifer thickness. 


= 
re) 


Eq. 14 has the form of Eq. 8, for which analog sim- 
ulation method is developed. If one defines the unit- 
volume step response for the pressure-change func- 
tion as P,y, Eq. 14 can be written 


1 tp dV 


Ach dr 


influx 
-1000 


| 
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(0) 
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FIG. 10 — EFFECT OF AQUIFER SIZE ON WATER-RETURN ABILITY. 
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The unit-volume step response P, is computed and 
is given in Table 2. 

In obtaining the pressure-case solution from the 
rate- or volume-case solution, the developed analog 


method is used. 

A circuit to get pressure-change function, using 
the volume as input for the growing disk model of a 
finite aquifer thickness, is given in Fig. 15. Some 
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-2 
-200F 
a=3.8 
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FIG, 12—RESERVOIR-PORE-VOLUME VARIATION FOR FIELB A CONSIDERING THE INTERFERENCE OF FIELDS 
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TABLE 2 — UNIT-VOLUME STEP RESPONSE TO GET 
PRESSURE-CHANGE FUNCTION FOR GROWING DISK OF 
FINITE AQUIFER THICKNESS. 


tD tD 
to (Eq. 14) (Analog Check) 
0.1 31.6 - 
0.5 3.59 - 
1.0 1.773 - 
5.0 0.354 - 
10 0.1772 = 
50 0.03545 - 
100 0.01773 - 
200 0.00877 
500 0.003545 0.0037 
800 0.00218 = 
1000 0.001815 0.00185 
1300 0.00138 - 
2000 0.00104 0.00105 
3000 0.000782 0.0008 
4000 0.000647 - 


corrections have been made to the potentiometer 
settings of P. and P,. With P. = 0.1952 and P, = 
0.1338, the unit step response for the constant- 
volume case is checked by the analog method and 
is added to Table 2 for comparison. With the same 
circuit of Fig. 15, the constant-pressure-case solu- 
tion is obtained. In doing this, the input (volume 
variation) is manually controlled in such a manner 
that the output pressure-change function would be a 
constant at all times. The constant-pressure-case 
solution thus obtained for the growing disk model 
is shown in Fig. 16. The Q;p in Fig. 16 is the 
quantity defined earlier as Qjp, and upon multiply- 
ing Q7p by a constant, the volume of the gas bubble 
can be obtained. The linearity of the curve at the 
large time portion particularly must be noted. 


Suppose one can assume that the average value 
of the gas-bubble radius times the pressure gradient 
at the gas-water interface is a constant, or 


K=5 correction on P, 
a-4 'p =@ 


L 


0.472 


AAA 


0.456 < 
6(8) 


Qp/50 


0.12 


0.548 


FIG. 13 — LM 10 CIRCUIT DIAGRAM TO 
GET CUMULATIVE-FLUX FUNCTION FOR 
INFINITE AQUIFER. 
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OP’ 


OZ 


Again assuming linear-system response and the gas- 
cap shape to be parabolic, the following relation- 
ship is derived. 


where 5S, is the time integral of pressure. This 

equation demands that a plot of Qjp’ vs tp is a 
straight line (Fig. 16). This equation also says that 
a plot of Vg vs Sy gives a straight line on log-log 
paper. Fig. 17 shows this plot for Field B. The 
slope of the curve in this case should be 4/3, 
theoretically, or 1.333; instead, the slope is found 
to be 1.37 from the actual data correlation. It gives 
a remarkable correlation, however, when the small 
time data are excluded. 

Once the correlation curve or the performance 


K=0.5 Pip at rp =!5 
a-a Infinite aquifer 
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0.1720 
FIG. 14 — LM 10 CIRCUIT DIAGRAM TO 
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FIG.1S—-LM 10 CIRCUIT DIAGRAM TO GET PRESSURE- 

CHANGE FUNCTION USING VOLUME AS INPUT FOR 

GROWING DISK MODEL OF FINITE AQUIFER THICK- 
NESS. 
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FIG. 16 — CONSTANT-PRESSURE-CASE SOLUTION TO GROWING DISK MODEL OF FINITE AQUIFER THICKNESS, 


curve is established, as shown in Fig. 17, the 
future predictions can easily be made based on this 
curve. By knowing the gas injection-production 
schedule from the 30th week, the predictions of the 
pore-volume variation and the pressure variation are 
made using Fig. 17; and the predicted results are 
plotted along with the actual data in Figs. 18 and 
19, respectively. The volume variation is predicted 
within 4 per cent error. This small error is magni- 
fied for the pressure prediction, giving as high an 
error as 50 psi when the reservoir pressure is over 
1,000 psia. 


OTHER APPLICATIONS 


The use of an electronic differential analyzer is 
not limited to these examples, but can be extended 
to other reservoir-engineering problems. With slight 
modifications, the present method can be employed 
for oilfield problems. Recently, Hurst!® has pub- 
lished a new chart to handle the oilfield pressure 
decline for constant oil-production-rate case. The 
arbitrary oil production can be handled using the 
new Hurst chart !© by setting up a transfer function 
on an electronic differential analyzer. 

A careful study reveals that there is an alternate 
method which does not necessitate the new chart. 
The usual constant-rate-case solution can be used 
to handle the arbitrary oil-production-rate case in 
simulating an aquifer-oilfield system on an elec- 
tronic differential analyzer. 

For an undersaturated oil field, the aquifer water 
flux can be incorporated with the material-balance 
equation in the following manner. 
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Cumulative Water Flux = (ANp — BP) 


where A and B are constants and Np is the cumula- 
tive oil production. The simulation of this equation 
to obtain the pressure decline from the oil-production 
data is shown in Fig. 20. In Fig. 20, the circuit 
that goes in the block representation is the same 
as that of volume case. The extension of this idea 
can be applied to saturated oil reservoirs, consider- 
ing the gas liberated from solution. 

The method can also be applied to oilfield inter- 
ference studies. A general circuit for oilfield inter- 
ference studies is given in Fig. 21. 
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FIG. 17 — AQUIFER GAS-STORAGE PERFORMANCE 
CURVE FOR FIELD B. 
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CONCLUSIONS 


The following general conclusions can be drawn 
from the, study. 

1. The developed, analog simulation method of 
an aquifer on an electronic differential analyzer is 
an excellent method to study the transient behavior 
of an underground gas-storage reservoir. It operates 
continuously, quickly and economically. The accu- 
racy is well within the range usually required for 
typical gas-storage operations. 

2. Because of the difficulties involved in the 
mathematical formulation of the actual problems, 
and the large number of reservoir variables, there 
is no reason why one should resort to an @ priori 
model concept based on a series of assumptions. 
The model study can only be a guide to select a 
reasonable unit-step-response curve of a reservoir 
system. 

3. The developed analog simulation method can 
be applied to any other physical linear system to 
analyze its transient behavior. 


NOMENCLATURE 
a = constant relating tp = @@ or k a 
1/month cour, 
a, = roots of characteristic equation? 


sum of aquifer water and formation com- 
pressibility, vol/vol/atm 
c”= sum of aquifer water and formation com- 
pressibility, vol/vol/psi 
e(s) = Laplace transform of E 
E = rate function 


f,G) = Laplace transform of cumulative - flux 
function for constant-pressure case 


f(s) = Laplace transform of pressure-change 
function of constant-rate case 
g = Laplace transform of G 
G = pressure function 
h = aquifer water-sand thickness, ft 


Jo. J, = Bessel functions of the first kind, of 
zero and first order, respectively 


k = permeability, darcies 
K = computer time constant 


—o— Calculated from field dota 
—K—— Predicted 


Q 
fe) 


fe) 


GAS PORE VOLUME, MM CU. FT. 
N 
je} fe} 


30 40 50 70 
TIME FROM THE GAS BUBBLE GROWTH, WK 


FIG. 18 — COMPARISON BETWEEN FIELD B DATA 
AND PREDICTED PORE VOLUME, 
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RESERVOIR PRESSURE, PSIA 
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FIG. 19 — COMPARISON BETWEEN OBSERVED AND 
PREDICTED PRESSURES FOR FIELD B. 
Ko, K, = Bessel function of second kind of zero 
and first order, respectively 
L = Laplace transform 
P = pressure 
P., = pressure at the gas field 


P,‘y = dimensionless pressure-change function 
tD P 
for constant-terminal-rate case tabu- 
lated in the literature?» ©-8 


P;p = pressure-change function with arbitrary 
terminal rate, cu ft/month 
ip = growing-disk-model, unit-volume step re- 


sponse for pressure change, dimen- 
sionless 
(2) = vertical pressure gradient at z = 0 for 
unit-step pressure, atm/ft 
Q;sp = dimensionless cumulative-flux function 
for constant-pressure case, tabulated 
in the literature?’ ® 7 
Q,p = cumulative-flux function with arbitrary 
pressure, psi 


or 


- growing-disk-model, unit-pressure step 
response for cumulative flux, dimen- 
less 


r = radius of aquifer, cm 

r’ = radius of aquifer, ft 

r, = gas-field radius 

Th = 1/7 gs dimensionless radius 
s = Laplace transform variable 


S, = time integral of pressure, psi/week 


tp = dimensionless time (see also a) 
ae = reservoir pore volume, MMcf 
V, = initial reservoir pore volume, MMcf 
W = cumulative water flux, cu ft 

Z = Cartesian co-ordinate 

fi = viscosity of water, cp 

6 = time, month 

= time, second 


a time variable 


ll 


¥ractional void space or porosity 
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DISCUSSION 
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The author applies the theory of hydrodynamic 
stability to fluid flow in porous media and concludes 
that the displacement of miscible liquids is stable 
if the stability coefficient, as defined by Eq. 19.2 
or Eq. 27.0, is positive. The conclusion is invalid, 
however, since it is based on a faulty argument. 

To demonstrate this, the reader is referred to 
Eqs. 4.1 through 4.5 of the paper which describe, 
in differential form, the first-order disturbances c, 
u, v, w and p. In these same equations, Cx, Cz, 21, 
g3 and yp are functions of the stable concentration 
c. This concentration c is known and depends on 
x, z and t (the author assumes Cy = 0). It follows 
that cy, Cy, 81, 83 and p are also functions of x, z 
and ¢. With this in mind, we turn to Eqs. 8.1 through 
8.5 which were derived from Eqs. 4.1 through 4.5 
by substituting Eq. 6.0. The significance of this 
substitution is that the author thereby limits the 
solutions of Eqs. 4.1 through 4.5 to equations of 
the form of Eq. 6.0. Eqs. 8.1 through 8.5 represent 
an infinite linear system with five unknowns: c, u, 
v, w and p. The coefficients c., Cz, g1, g3 and p 
in this system are known at each point and at each 
instant; the coefficients containing derivatives of / 
are unknown. If this infinite linear system in c, u, 
v, w and p is to have a nontrivial solution, then it 
is indeed necessary (as the author states) that the 
determinant of the coefficient matrix of Eqs. 8.1 
through 8.5, i.e., |A|, be equal to zero. 

This condition, however, is not sufficient. A non- 
trivial solution exists if, and only if, the rank of 
the coefficient matrix of the entire infinite system 
is smaller than five. In other words, all minors of 
order five must vanish and only if all the coefficients 
in Eqs. 8.1 through 8.5 are constant is this equiva- 
lent to the condition |A| =0. Constant coefficients 
means that g,, g3 and p, for instance, are constant; 
and, since they depend on c it follows that c must 
be constant. We conclude that the condition |A| = 
0, on which the author bases his calculations, is 
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necessary and sufficient for a nontrivial solution 
only if the concentration c is constant. In other 
words, the author does not investigate the stability 
of a miscible displacement but, rather, only the 
stability of the flow of a homogeneous liquid. 

Using the initial condition and the fact that the 
coefficients are constant, we find 


fe =% fy fg=nm E=F =G=0. 
Substituting this in Eq. 9.0, the latter becomes 

This may be integrated 

f=ax+By+nmz + ila? D, + (6? + 12 }t, 
and the stability coefficient 

Yr = n? Ds. 


In this last equation, D, and D3 are positive and 
the conclusion is that the motion of a homogeneous 
liquid is stable for all disturbances of the form 


n = nexpi(ax+Byt+nmz). 


It is perhaps well to point out that at ¢ = 0 these 
disturbances do not satisfy the initial condition of 
Eq. 11.0, which states 


w = 0 forz =0 and z = 1. 


Therefore, they are unsuitable for investigating the 
stability in a porous medium bounded in the z direc- 
tion by parallel planes (although it would be simple 
to satisfy Eq. 11.0 for w by placing the boundaries 
at z = + 4, which would result in nonzero values of 
c, at the boundaries and violate the other part of 
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Eq. 11.0). 

The general conclusion is that the author has 
not succeeded in establishing a stability criterion 
for miscible displacement. The reason for this is 
to be found in Eqs. 6.0 and 7.0. By assuming that 
Eqs. 4.1 through 4.5 could be satisfied by Eq. 6.0, 
he automatically excluded the possibility that the 
concentration ¢ varies, and by Eq. 7.0 he excluded 


Outmans has suggested, quite correctly, that the 
author’s paper! contains an error. To see what is 
involved requires that one consider both the purpose 
of the study and the methods that are used. 

The comments by Outmans suggest that the Fourier 
series terms (Eq. 6) are not compatible with the 
required boundary conditions. Any real disturbance 
will satisfy flow equations and proper boundary 
conditions. The existence of such a disturbance is 
postulated. Single Fourier terms represent only part 
of the disturbance and, singly, need not satisfy 
such conditions. As a very simple example, consider 
(cy sin 7 z+ c3 sin 3 mz). For cy = — 3c3, the con- 
dition that the z-direction concentration gradient 
must vanish at the boundaries is satisfied by the 
sum, although not satisfied by either single term. 
Corresponding sine velocity terms vanish identically 
at the boundaries as required. It should have been 
made clear in the original paper that the Fourier 
representation of any real disturbance may include 
such relationships. 

We conclude that any real concentration perturba- 
tion can be described by a Fourier series in the 
space variables x, y and z, with Fourier coefficients 
that will depend only on time. It is important to note 
that the first-order perturbation equations (Eqs. 4.2 
through 4.5) contain time only as a parameter. Thus, 
for a particular Fourier mode for which the spatial 
variation of concentration is known, the set of four 
equations (Eqs. 4.2 through 4.5) can be solved for 
the quantities u, v, w and p. The solutions contain 
a parametric time-dependence. In terms of the pres- 
sure function corresponding to the Fourier mode, 
the set reduces to a linear, second-order, elliptic, 
partial differential equation in canonical form. The 
remaining Eq. 4.1 can be solved to give the time- 
dependence for the Fourier coefficient once u and 
w are determined. Eq. 4.1 for the particular mode 
can be made linear and first-order in the time- 
dependent Fourier coefficient, with the space vari- 
ables as parameters. This approach can be applied 
to inhomogeneous flow systems and is the subject 
of current research effort. 

Most unfortunately, the nature of the pressure 
equation is such that simple solutions for interesting 
systems do not result from the approach just de- 
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flow between parallel z-boundaries from his inves- 
tigation. 

If in any future attempt to find stability criteria 
for miscible displacement in porous media it should 
be necessary to solve Eqs. 4.1 through 4.5, then 
more general solutions than Eq. 6.0 will have to be 
postulated and initial disturbances should be intro- 
duced compatible with the boundary conditions. 


TO H. D. OUTMANS 


scribed. Thus, recourse has been made to other 
methods. Outmans has pointed out a flaw in the ar- 
guments used in one such attempt. However, useful 
results can be achieved in a way which satisfies 
the conditions of rank noted by Outmans. 

Assuming only that the stable flow is well- 
behaved, the coefficients in the first-order pertur- 
bation Eqs. 4.1 through 4.5 of the original paper 
can be expanded as a Taylor series about the posi- 
tion (X%9, Yo, and about a time defined as = 0. 
As an example, the coefficient g, in Eq. 4.3 becomes 


dg oO oO 
21(%,¥,2,t) = + (x — x9) + (Y~Y 0) 
Ox Oy 


The superscripts o indicate evaluation of the func- 
tions at (%9,V¥o»%,0). System properties with a well- 
behaved flow may change rapidly, but never in- 
finitely rapid. Thus, within a sufficiently small 
space region surrounding (%),Yo,29) and for small- 
enough times ¢t, one can neglect all but the leading 
constant term in the series. 

Using standard methods of solution, results are 
obtained that are valid within this limited region 
and which should be compared with those from the 
original paper. One finds that the quantity y, in Eq. 
19.1 disappears and that only the first, time - 
independent term of yp remains in Eq. 19.2. Thus, 
the final result applied to the solution of engineering 
problems,! Eq. 27, is unchanged. This treatment 
amounts to a complete linearization of the stability 
problem and can be extended to inhomogeneous 
systems. The method leads to a prediction of the 
initial growth of a disturbance in the space region 
immediately surrounding a point of interest (Xo, Yo, 
Zo). Thus, while the results are limited, which is 
typical of perturbation theory, they are sufficient 
to satisfy the purpose for which the original de- 
velopment was intended. kk 


IPerrine, R. L.: ‘‘Stability Theory and Its Use to Optimize 
Solvent Recovery of Oil’’, Soc. Pet. Eng. Jour. (March, 1961) 9. 
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